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Phytoplankton and benthic microalgae (BMA) may both contribute to the sediment 
organic matter pool available to benthic consumers.  Recent studies have highlighted the 
presence and ecological roles of benthic microalgae (BMA) on the continental shelf but 
studies from the north-central Gulf of Mexico are limited.  Here we use photosynthetic 
pigment analysis and microscopic examination of sediment microalgae to investigate how 
the biomass, composition, and degradation state of sediment-associated microalgae varies 
along the Louisiana inner shelf across a continuum of water column and sediment 
conditions.  The contribution of microalgae to higher trophic levels was also examined.  
Three sandy shoals and surrounding muddy sediments with depths ranging from 4 to 20 
m were studied.  Light levels (< 1 to 30% of surface PAR) were sufficient for benthic 
photosynthesis although likely limiting at most locations.  Sediment chlorophyll a 
concentrations ranged from 8 to 77 mg m
-2
 with no significant differences among 
locations.  Pigment data suggested that sediment microalgae were primarily diatoms at all 
locations.  Epipelic pennate diatoms, (considered indicative of BMA) made up a 
significantly greater proportion of sediment diatoms at sandy (50% to 98%) compared to 
muddy stations (16 to 56%), and sediment total pheopigment concentrations on the sandy 
stations (<20 mg m
-2
) were significantly lower than concentrations at nearby muddy 
stations (>40 mg m
-2
) suggesting that BMA predominate in shallow sandy sediments and 
that phytodetritus predominates at muddy stations.  Our results also suggest that the 
relative proportion of phytodetritus in the benthos was highest where phytoplankton 
biomass in the overlying water was greatest, independent of sediment type.  Stable 
isotopes indicated that, I found BMA was the primary basal resource for infauna where 
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BMA was consistently predominant in the sediment algae.  In sediments containing a mix 
of BMA and phytoplankton, isotope data indicated both resources were important to 
infauna.  Our study demonstrates that, when available, BMA is utilized by shelf infauna 



























































The north-central Gulf of Mexico (NCGOM) is bounded by Cape San Blas, Florida in the 
east and the Louisiana-Texas border to the west (Rabalais and Boesch, 1987).  Within the 
NCGOM, my study area is the inner continental shelf (<20 m depth) extending from Timbalier 
Island (Longitude (90º 27′W) to ~15 km west of Tiger and Trinity Shoals (Longitude 92º 28′W).  
The continental shelf in the study area is broad (up to 200 km) and gently sloping, with ridges 
and canyons present at the continental margin (Suter et al., 1985).  The study area is located 
between the two active deltas of the Mississippi River—the current birdfoot delta south of New 
Orleans that delivers most of the discharge and the Atchafalaya River delta to the west that 
carries about one-third of the discharge of the Mississippi River.  The discharge of fresh water, 
sediment delivery and nutrient loads of the Mississippi-Atchafalaya river system dictate the 
physical, geological and biological processes of the Mississippi River-influenced continental 
shelf.  The switching of delta lobes over geologic time resulted in the current Mississippi River 
deltaic plan and associated Chenier Plain on the western half of the Louisiana coast.  The 
progradation of deltas, subsidence, and regression over time formed current barrier islands and 
left behind relict barrier islands in shoal formations, which are the focus of this study.  
 The physical oceanography of the Louisiana inner continental shelf is influenced by the 
freshwater discharge of the Mississippi River system and wind driven currents modified by tidal 
advection.  Mean tidal amplitude on the Louisiana shelf is ~0.6 m, producing weak tidal currents 
(<10 cm s
-1
 at <20 m depth; Wright et al., 1997; Shermet and Stone, 2002).  Wind forcings vary 
in direction and intensity over short-term and seasonal time scales.  In the absence of tropical 
storms, winds are weakest in the summer and come from the south-southwest.  For the remainder 
of the year they generally blow from the east promoting a westerly movement of water from the 
Mississippi River along the Louisiana coast.  Tropical storms and hurricanes occur in the 
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summer and fall and cold fronts are particularly frequent, occurring every 3-10 days from the late 





 to the Gulf of Mexico (Turner et al., 2007), and approximately one-third is 
discharged through the Atchafalaya River with the remainder entering via the birdsfoot delta.  
There is sufficient freshwater discharge from the Mississippi River system to support local 
water-column stratification throughout the year.  Highest discharge occurs in the spring when 
wind driven currents transport most of the fresh water to the west along the Louisiana inner 
shelf.  Lower flow in summer is sufficient in the returning current flow to maintain the stratified 
coastal system during the summer.  Disruption of the stratified coastal system occurs in winter 
with cold fronts and in summer and early fall with tropical storms and hurricanes.  
 Marine sediments in the NCGOM range from sands to fine sediments with a high silt and 
clay content (Suter et al., 1985).   For example, sands originating from historic and modern 
Mississippi River flow are found throughout the inner shelf.  Sandy sediments are found in high- 
flow areas near the coastal inlets and along the beaches of Timbalier Island and Isles Dernieres 
(Suter et al., 1985).  Deeper sand deposits are found in the mid-shelf south of the Chenier Plane.  
Another large sand sheet (50 to 100% sand) is located within my study area along the inner shelf 
from the Isles Dernieres to Marsh Island and includes Ship Shoal and Tiger Shoal and Trinity 
Shoal.  Sediments north of this sheet are classified as sandy silts and silty sands, while silts and 
clays dominate the sediments in a seaward direction (Sutter et al., 1985).  Sediment organic 
carbon content is highest near shore and decreases in a seaward direction (Gordon and Goñi, 
2003).  Although sediment resuspension is minor during calm conditions, significant sediment 
resuspension and transport occurs during severe weather (Kineke et al., 2006).     
Sandy shoals that are relict barrier islands formed as a result of delta progradation, 
subsidence and receding shores are located throughout the inner shelf as well.  Sandbanks in the 
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NCGOM, are considered potential sand sources for barrier island restoration projects.  
Consequently, the Mineral Management Service is funding investigations into these habitats 
(Stone et al., 2009) which are relatively unstudied from a biological perspective (Brooks et al., 
2004).  As physically distinct geologic features in the NCGOM, these high relief shoals may 
provide unique ecological functions or communities not found in surrounding fine sediments.  
For example, investigations into the biological communities of Ship Shoal have indicated it is an 
important feeding and spawning ground for blue crab (Callinectes sapidus; Gelpi et al., 
submitted).  Similarly, macroinfauna on Ship Shoal were studied intensively for the first time 
and a diverse and abundant macroinfaunal community was found with species common to both 
sandy and muddy sediments (Dubois et al, 2009).  The authors also suggested that Ship Shoal 
may link sand-associated macroinfauna populations between Florida and Texas and may serve as 
a hypoxia refuge.  Ship Shoal may also contribute to the recolonization of the large hypoxic 
zones seasonally present on the Louisiana shelf. 
Of basic ecological interest are the basal resources supporting benthic food webs on these 
shoals as well as on surrounding fine sediments.  Understanding food sources fueling benthic 
marine food webs is a fundamental objective in oceanography.  In most of the deep sea, organic 
matter derived directly or indirectly from phytoplankton is the primary food source available to 
benthic organisms.  On the other end of the resource spectrum, coastal estuaries have multiple 
basal food resources because of their landscape position connecting marine, terrestrial and 
freshwater systems.  Between these two extremes are the soft sediments of the continental shelf.  
Because of the comparatively shallow depth of inner continental shelf systems, benthic 
microalgae (BMA), macroalgae, and phytoplankton, each may contribute to benthic food webs.  
The contribution to total oceanic productivity by the continental shelf is disproportionately high 
relative to its area (20 to 30% of total productivity versus 11% of oceanic area; Longhurst et al., 
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1995) because of this greater diversity of primary producers and because the rates of primary 
production are much higher than in oceanic regions.  Also, because of the proximity to land, 
allochthonous organic matter delivered by rivers and salt marshes may also serve as a source of 
organic matter.   
The overall goal of my research was to investigate the biomass, composition, and 
distribution of sediment microalgae and physical factors influencing them  as well as the role of 
these sediment microaglae in supporting benthic food webs on the inner continental shelf of the 
Louisiana.  A description of basal resources and what is known and unknown about their role in 
the NCGOM shelf sediments follows next. 
Sources of Organic Matter on the Continental Shelf.  Several sources of organic carbon on 
the continental shelf are not produced in situ, but rather are delivered by rivers or estuaries.  
River-dominated systems receive large inputs of terrestrial organic matter as vascular plant 
detritus, fine soils, as well as dissolved organic carbon.  In the NCGOM, terrestrial organic 
matter appears to be hydrodynamically size sorted, with larger vascular plant debris restricted to 
the inner shelf and the depositional track of the Mississippi River (Bianchi et al., 2002; Corbett et 
al., 2004; Sampere et al., 2008), while fine particles derived from C4 plants are transported to the 





; Meade et al., 1990), most terrestrial detritus has little bioavailable 
carbon and nitrogen and contains a high proportion of refractory acids and structural 
carbohydrates, which, while metabolized by microbes in the sediment and water-column, have 
limited direct nutritive value to macroinfauna especially compared to microalgae (Tenore, et al., 
1982; Mann, 1988 and references therein).   Similarly, the extensive salt marshes found in 
coastal Louisiana may also export organic matter, but the contribution is not well characterized 
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and the exported organic matter is also likely to be refractory and spatially restricted to the 
nearshore sediments (Turner et al., 2007; Sampere et al., 2008).   
Another allochthonous carbon source to the NCGOM is freshwater phytoplankton. 
Studies of the Mississippi River show that freshwater phytoplankton deposit close to the river 
deltas (Turner and Rabalais 1994).  Although recent work has shown both high freshwater 
phytoplankton biomass (Dagg et al., 2005 and 2008; Duan and Bianchi, 2006) and lability 
(Mayer et al., 2008), primary productivity is generally considered low in the Mississippi River 
due to light limitation (Dagg et al., 2007 and references therein).  Freshwater phytoplankton 
mortality ensues from the salinity change where fresh and seawater mix, and phytodetritus is 
processed by microbes the plume (Dagg et al., 2008).  Therefore, the contribution of freshwater 
phytoplankton to benthic food webs outside of the plume is minor compared to in situ marine 
production.   
In situ marine sources of primary production on the NCGOM shelf include phytoplankton 
and benthic microalgae (BMA).  Phytoplankton productivity is typically high in river-dominated 
shelf systems like the NCGOM.  The high productivity is supported by nutrient inputs from local 
rivers (reviewed in Rabalais et al., 2002) and bays (Perez et al., 2003).  Phytoplankton 
productivity in the Louisiana shelf is usually greatest in spring during periods of high Mississippi 
River discharge when elevated nutrient loads are delivered to the shelf (Lohrenz et al., 1997; 





the plume and biomass may exceed 100 µg L
-1
 in mid-salinity water (salinity 18-27 psu; Rabalais 
et al., 2002; Dagg and Breed, 2003 and refs therein).  Spatial patterns are evident as well.  Light 
limits primary productivity in the plume region even in the presence of high nutrient levels 
(Lohrenz et al., 1997; Lohrenz et al., 1999).  West of the plume, phytoplankton productivity 
increases as turbidity declines.  At higher salinities (>25 psu), however, nutrients (typically N but 
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also Si and P) decrease due to biological uptake (Dagg and Breed, 2003).  Westerly currents 
carry these nutrient and phytoplankton rich waters along the inner shelf (Dagg and Whitledge, 
1991; Chen et al., 2000; Walker and Rabalais, 2006) except during cold fronts and during the 
late summer when currents change to a more east/southeast direction (Ohlmann and Niiler, 2005; 
Walker and Rabalais, 2006).  The Louisiana Coastal Coastal Current as well as nutrient inputs 
from the Atchafalaya River creates high phytoplankton biomass along the Louisiana coast that 
decreases sharply in a seaward direction (Chen et al., 2000; Walker and Rabalais, 2006).   
BMA are another potential food source for benthic consumers.  BMA are here defined as 
microalgae and cyanobacteria inhabiting sediments, although the distinction between pelagic and 
sediment dwelling microalgae is not strict because of settling and resuspension (Cahoon, 1999).   
BMA have very patchy distribution on the sediment surface related to small-scale variation in 
physical parameters including nutrients, light and sediment grain size.  Vertically, BMA biomass 
is concentrated in the top few millimeters of sediments where light availability is highest 
(MacIntyre et al., 1996).  However, BMA may be distributed more deeply because of sediment 
resuspension and subsequent burial.  Pennate diatoms are typically the most prominent 
components of the BMA community (Cahoon, 1999).  Common genera include Amphora, 
Coconeis, Diploneis, Navicula and Nitzschia (Cahoon, 1999).  In soft sediments, benthic diatoms 
may be motile (epipelic) or attached to sand grains (epipsammic).  Attachment and motility are 
both achieved using extracellular polymers (EPS), which are polysaccharides secreted from the 
diatom raphe (Round et al., 1990).  EPS secretion may also form biofilms that retain nutrients, 
increase sediment cohesion and facilitate bacterial and metazoan growth, profoundly influencing 
sediment biogeochemistry (Cahoon, 1999).     
BMA have been studied extensively in estuarine sediments and their importance in terms 
of biomass and large-scale primary productivity is well established.  In a review of benthic 
 8 




 in estuaries.  Of 
interest here are studies of the continental shelf, which are far fewer even though sediment-
associated microalgae can be dominated by benthic diatoms on continental shelf systems 
(Cahoon and Laws, 1993).  For example, in sediments from the North Carolina continental shelf 
(14 to 40 m depth) Cahoon et al. (1990) found that algal biomass from 0.06 to 1.87 ug g
-1
 
sediment and that the sediment-associated microalgae were primarily benthic diatoms rather than 
settled phytoplankton (Cahoon and Laws, 1993).  Studies on the U.S. southeastern shelf indicate 
benthic primary productivity (BPP) may also be high.  Cahoon and Cooke (1993) measured 




 and found that gross BPP may 
be similar to integrated water-column primary production.  Similarly, algal biomass in the 
sediments (<1 to 5 µg cm
-2
) off the coast of Georgia and Florida exceeded depth-integrated 





almost two-thirds of water-column primary production (Nelson et al., 1999; Jahnke et al., 2000).  
Global comparisons show similar productivity estimates from similar depths (Cahoon, 1999).  
Average benthic productivity measurements in temperate and tropical regions > 5 m in depth 




.  BMA have been found at light levels as 
low as 0.028% of surface light at depths of 191 m (McGee et al., 2008).  Thus, the potential for 
BPP exists for much of the continental shelf (Gattuso et al., 2006) and it represents a potentially 
important food source to local benthic consumers and higher trophic levels. 
Microalgal Food Sources in the Continental Shelf Benthos.  Both phytoplankton and BMA 
may serve as basal resources for benthic primary consumers and ultimately higher trophic levels.  
Some organic matter derived from the phytoplankton-based pelagic food web eventually settles 
to the seafloor in various forms.  Phytoplankton may directly contribute to the sediment algal 
community as live or decaying cells or, indirectly as fecal pellets after ingestion by consumers.  
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Decaying cells whether singly or agglutinated as marine snow or fecal pellets are hereafter 
referred to as phytodetritus.  Diatoms, with their relatively large size and dense silica test, 
comprise most of the sinking cells in the NCGOM (Rabalais et al., 2002).  Phytodetritus 
packaged in zooplankton fecal pellets also flux rapidly to the sediments particularly in areas of 
high phytoplankton productivity such as the Mississippi River plume (Rabalais et al., 2002).  In 
addition to fecal pellets, discarded houses of gelatinous larvaceans (Oikipleura spp.) have been 




), making them 
potentially significant sources of benthic carbon that are ultimately based on the phytoplankton 
food web (Dagg et al., 2007; Dagg et al., 2008).  
Once this phytoplankton-derived material settles to the seafloor, it can be rapidly utilized 
by bacteria and various metazoan consumers (reviewed in Graf, 1992; Thomas and Blair, 2002).  
For example, Levin et al. (1999) found fresh, 
13
C labeled diatom Thalassiosira pseudonana were 
ingested within 1 day of addition, with the most rapid uptake in polychaetes and protozoans.  , 
Graff et al. (1982) and Ankar (1980) found an increase in macroinvertebrate growth and lipid 
reserves associated with the deposition of phytodetritus following the spring phytoplankton 
bloom in the Baltic Sea.  Many studies of the response of benthic communities to phytodetritus 
sedimentation have been conducted, and reviews suggest strong, wide ranging responses 
(Gooday and  Turley, 1990) and Graf, 1992).   
While the importance of BMA to benthic food webs has been demonstrated in mudflats 
and shallow, nearshore bays (Pinckney et al., 2003), few investigations have specifically 
examined the trophic role of BMA on the continental shelf.  This may be due in part to the 
assumption that BMA is a comparatively minor food source for shelf communities due to light 
limitation and the high coastal productivity of phytoplankton.  Of the studies that have 
specifically investigated BMA, the results suggest BMA provide direct or indirect trophic 
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support for a variety of fish and invertebrates (Kang et al, 2003; Wells et al., 2008).  However, 
the results of other studies were inconclusive owing to species differences or the confounding 
effects of consumer isotope enrichment unrelated to diet (Nadon and Himmelman, 2006; 
Kharlemenko et al., 2008).  Clearly, more work is needed to resolve the trophic importance of 
BMA in shelf systems. 
My study sites included three sandy shoals as well as surrounding sediments with higher 
silt+clay content.  One of these submerged barrier islands is Ship Shoal which is associated with 
the Maringouin delta-complex and is a primary study site for my research.  Ship Shoal (SS) is 
approximately 25 km off the coast of the Isles Dernieres, Louisiana (Latitude 28° 54.725`N and 
Longitude 90° 54.592`W at the center).  SS is 50 km long and 5 to 12 km in width and is 
oriented parallel to the shoreline.  Tiger Shoal and Trinity Shoal are relict delta fronts surrounded 
by buried distributary channels (Suter et al., 1985).  Tiger Shoal (29º23.6`N, 92º04.181`W) 
extends from the shoreline to approximately 30 km seaward and is 100 km northwest of Ship 
Shoal.  Located directly south of Tiger Shoal about 48 km from shore is Trinity Shoal (29º12.5 
N, 92º10.8`W) which runs parallel to the shoreline.  Both Tiger Shoal and Trinity Shoal have 
similar depth and sandy sediments.  Both shoals are located in the band of high phytoplankton 
biomass that extends along the Louisiana coast, although phytoplankton biomass is higher in the 
water overlying Tiger Shoal and Trinity Shoal compared to Ship Shoal (Chapter 3). 
I measured water-column and sediment algal pigments, examined sediment microalgal 
composition, and measured carbon and nitrogen stable isotopes at multiple trophic levels to 
determine basal resources supporting the benthic food web on Ship, Tiger and Trinity Shoals.  
Similar comparative measurements were taken at a small number of surrounding locations with 
fine sediments more typical of the inner shelf of Louisiana. 
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In chapter two, I describe my two-year investigation of BMA on Ship Shoal including its 
spatial and temporal distribution and relationships with physical and biological factors.  I also 
examined sediment light availability on Ship Shoal as an indicator of the potential for benthic 
primary production.  In addition, I tested the null hypotheses that 1) sedimentary microalgae on 
Ship Shoal are comprised equally of pennate benthic diatoms and settled phytoplankton and 2) 
that benthic algal biomass is equal to water-column integrated algal biomass on Ship Shoal.  This 
research has recently been published (Grippo et al., 2009) 
In river-dominated shallow continental shelf systems, spatial and temporal heterogeneity 
in sediment and water-column characteristics suggest regional variation in the relative 
contribution of phytoplankton and BMA to food webs.  Therefore, in Chapter three, I expanded 
the Ship Shoal study in a additional year to include Tiger and Trinity Shoals as well as off-shoal 
areas and used light measurement, photosynthetic pigment analysis and microscopic examination 
of sediment microalgae to investigate how the biomass, composition (BMA vs. phytoplankton), 
degradation state of sediment-associated microalgae, and the potential for benthic primary 
production varies along the shelf with under various sediment and water-column conditions. 
 Most studies of benthic food webs on the continental shelf distinguish benthic and 
pelagic trophic pathways supporting fish and invertebrates without specifically examining the 
role of BMA (Jennings et al., 1997; Davenport and Bax, 2002).  In Chapter 4, I traced the flow of 
BMA through the benthic food web in the NCGOM.  Stable isotopes of carbon and nitrogen 
were used to examine whether the relative importance of phytoplankton and BMA to benthic 
food-webs varies spatially and temporally reflecting changes in the relative quantity of the two 
sources in the sediment algal pool.   
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Chapter 5 provides a summary of the preceding chapters, a conceptual model of the 
ecological importance of BMA in the NCGOM in relation to sediment and water-column 
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 Elevated sand deposits are common geomorphologic features on the US continental 
shelf.  They take several forms including large glacially derived plateaus (i.e., George’s Bank 
and Stellwagen Bank), extensive ridge and swale systems (off the US mid-Atlantic), and 
submerged barrier islands.  Recently, shoals have received greater attention because they have 
been identified as exploitable sand deposits for use in coastal stabilization and restoration 
projects.  However, the biotic communities and ecological function of these shoals is much less 
studied than the surrounding continental shelf environment (Brooks et al., 2004).  One example 
in the north-central Gulf of Mexico (GOM) is Ship Shoal, a submerged relict barrier island 
located on the central Louisiana coast ~ 25 km from shore.  Ship Shoal is considered one of the 
largest sand sources in the Gulf of Mexico (Drucker et al., 2004), with the potential to supply 1.6 
billion cubic yards of fine sand (Michel et al., 2001).  As large, shallow sand deposits surrounded 
by deeper, muddy sediments, Louisiana shoals are unique local features that may serve important 
biological functions.   
In situ primary production and allochthonous riverine inputs of carbon form the base of 
near-shore marine food webs, including those on shoals.  In situ primary derives from 
phytoplankton and, under appropriate conditions, from benthic microalgae (BMA).  Historically, 
the contribution of BMA to shelf-wide primary production and benthic food webs has not been 
addressed extensively.  However, studies in recent decades have demonstrated that BMA 
biomass and benthic primary production (BPP) on shelf systems can be high (reviewed in 
Gattuso et al., 2006).  For example, working on the North Carolina continental shelf, Cahoon and 
Laws (1993) found that microalgae collected from sediments in water depths of 14 to 40 m were 
primarily benthic diatoms rather than settled phytoplankton.  Furthermore, they found that 
sedimentary algal biomass exceeded the integrated water-column phytoplankton biomass over 
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much of their study area and that gross BPP could be similar to integrated water-column primary 
production (Cahoon and Cooke, 1992).  Similarly, algal biomass in the sediments off the coast of 
Georgia and Florida exceeded depth-integrated water-column values and gross BPP averaged 
almost two-thirds of water-column primary production (Nelson et al., 1999; Jahnke et al., 2000).  
Although 1 % of surface PAR is traditionally used as the compensation depth for algae, BMA 
have been found at light levels as low as 0.028% at depths of 191 m (Gattuso et al., 2006; 
McGee et al., 2008).  Thus, the potential for BPP exists for much of the continental shelf.  
While pelagic primary production has been frequently studied on the Louisiana 
continental shelf (LCS), studies of BMA are far fewer despite the potentially important roles of 
BMA in solute flux (Jahnke et al., 2000; Sundbäck et al., 1991), biogeochemical cycling 
(Sundbäck, 2006 and references therein) and as an oxygen source below the pycnocline 
(Bierman, et al., 1994; Larson and Sundbäck; 2008).  To our knowledge, no direct measurements  
of BPP have been conducted on Louisiana’s shoals.  Conditions on Louisiana’s shoals may be 
conducive to BPP in several ways.  First, the shallow depth (~5 to 12 m on Ship Shoal) may 
facilitate light penetration to the benthos.  Similarly, sandy sediments lack a nepheloid layer of 
light-attenuating fine sediments and have subsurface light extinction rates that are relatively low 
compared to fine sediments (Kuhl et al., 1994), which may facilitate primary productivity below 
the sediment surface.  Also, the permeability of sand may contribute to rapid nutrient flux into 
pore water (Huettel and Rusch, 2000).  Thus, Louisiana’s shoals may support a higher biomass 
of BMA compared to off-shoal sediments, which generally have much higher silt and clay 
content. 
Ship Shoal has only recently been inventoried biologically and investigators have found a 
high population density of spawning blue crabs, Callinectes sapidus (C. Gelpi,  Louisiana State 
University, unpubl. data) as well as a macrobenthic community with high species richness and 
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biomass (S. Dubois, French Research Institute for Exploration of the Sea, unpubl. data).  Ship 
Shoal may promote the maintenance of regional diversity by functioning as a hypoxia refuge and 
as a source for new macroinvertebrate recruits after hypoxia related mortality (S. Dubois, French 
Research Institute for Exploration of the Sea, unpubl. data).  BMA may support these important 
functions on Ship Shoal in several ways.  BMA may be an important source of oxygen to deeper 
bottom water on Ship Shoal, which is particularly relevant given the severe seasonal hypoxia that 
is characteristic of the northern Gulf of Mexico (Rabalais et al., 2007).  BMA may also be an 
important food resource not present in deeper, muddy off-shoal areas where detrital 
phytoplankton, fecal pellets and terrestrial carbon sources re the dominant contributors to 
sedimentary organic matter (Radziejewska, et al., 1996; Dortch et al., 2000; M. Grippo, 
Louisiana State University, unpubl. data).  Given the potential importance of BMA to ecosystem 
function on the LCS, we investigated the potential for BPP on Ship Shoal, as well as the origin 
and biomass of sediment associated algae including its spatial and temporal distribution and their 
relationship to physical and chemical factors.   
STUDY AREA AND METHODS 
Study Site and Sample Collection.  The study area is located in a high phytoplankton 
productivity region of the continental shelf strongly influenced by the Mississippi River.  Ship 
Shoal is a shallow relict barrier island approximately 25 km off the coast of Terrebonne Bay, 
Louisiana (Latitude 28° 54.725` N and Longitude 90°` 54.592` W at the center).  The sediments 
of Ship Shoal are subject to periodic disturbance from hurricanes and tropical storms in the 
summer and cold fronts in winter and spring (Rabalais et al., 2002).  The shoal is approximately 
50 km long and 1 to 12 km in width (total area approximately 500 km
2
) and is oriented parallel 
to the shoreline.  The bathymetry of the shoal varies along east-west and north-south gradients.  
The western region is shallow and depth increases toward the east.  The northern edge is well 
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defined by a sharp change in slope, while the southern edge is characterized by a shallow slope.  
Sampling stations were therefore chosen to capture potential variation along both the east-west 
and north-south gradients.  Over the shoal, three transects were placed in north-south orientation 
and other stations were located along or around the central spine of the shoal.  We sampled a 
total of 27 stations on Ship Shoal during the spring (June 2005, May 2006), summer (August) 
and fall (October) of 2005 and 2006 (Figure 2-1).  Only 16 stations were sampled in October 
2006 due to severe weather. 
Sediment chlorophyll (Chl) a, bottom-water dissolved oxygen (DO), sediment grain size, 
salinity, temperature and water depth were measured at each station.  Water samples were 
collected approximately 1 m from the bottom using a 5-L Niskin bottle.  Temperature, salinity 
and DO were measured with a YSI 85 handheld multimeter.  Three boxcores were taken at each 
station using a Gulf of Mexico (GOMEX) box core.  From each box core, we took a 4- and a 2-
cm deep subcore for grain size analysis and Chla measurement, respectively, using a syringe 
corer (2.5 cm inner diameter).  Based on prior work (MacIntyre and Cullen, 1995; Radziejewska 
et al., 1996; Light and Beardall, 1998; Cartaxana et al., 2006), we considered 2 cm sufficient to 
collect most of the Chla in the sediment.  Cores for sediment Chla were immediately frozen in 
liquid N2 and stored at -80° C upon return to the laboratory until HPLC analysis.   
Beginning in May 2006, we measured downwelling photosynthetically active radiation 
(PAR) at 4 stations on the western end of Ship Shoal and 3 stations on the eastern end of Ship 
Shoal.  At the same stations, we also collected surface, mid-depth, and bottom-water samples (in 
triplicate) for photosynthetic pigment analysis.  Seawater was filtered on pre-ashed Whatman 
GF/F filter paper (47 mm; 0.7 µm nominal pore size) and stored in liquid N2 until analysis.  
Downwelling photosynthetically active radiation (PAR) was measured at 1-m intervals with a 
LICOR LI-192SA Underwater Quantum Sensor connected to a LICOR LI-1000 datalogger.  
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PAR data were corrected for changes in surface irradiance using a ship-board LICOR LI-190SA 
light sensor.  Using PAR data, an extinction coefficient (KPAR ) was calculated for each station 





where Io is surface irradiance, k is the light attenuation coefficient (KPAR) and z is the 
bottom depth (m).  
 
 
Figure 2-1.  Approximate delineation of Ship Shoal and the location of sampling stations.   
 
To assess the relative contribution of settled phytoplankton and BMA to the total 
sedimentary algal biomass, in 2006, we collected additional sediment cores from stations in the 
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eastern and western portions of Ship Shoal (nine stations total) for microscopic analysis of algae 
(described below).  The 2-cm deep sediment cores were taken from box-core samples using a 2.5 
cm inner diameter syringe corer.   
Laboratory Analysis.  Average grain size was determined by first washing sediments through a 
63-µm aperture sieve to separate the coarse sediments from the silt+clay (< 63 µm) fraction.  
Both fractions were then dried at 60°C and weighted to determine % silt+clay.  The > 63 µm 
fraction was dry sieved through 22 stacked sieves ranging from 63 µm to 2 mm and a grain-size 
profile was calculated using Gradistat software (Blott and Pye, 2001).  Percent organic carbon 
was determined for selected sediment samples using a Perkin-Elmer 2400 Elemental Analyzer.  
Before organic carbon analysis, sediments were weighed into pre-weighed silver tins and 
exposed to concentrated HCl fumes in a desiccator for 48 h to remove carbonates.   
All photosynthetic pigment analyses were conducted using the methods of Buffan-Dubau 
and Carman (2000).  Prior to analysis, whole sediment samples were freeze-dried after which 
100% acetone was added to each sample.  After a 60 second sonication, samples were extracted 
overnight in the dark at 4° C.  After extraction the sample was centrifuged at 2000 rpm for 10 
min and the supernatant was filtered and analyzed by High Performance Liquid Chromatography 
(HPLC).  For water-column samples, filters were placed in 100% acetone and briefly sonicated 
then extracted overnight in the dark at 4° C before HPLC analysis.  The volume of water-column 
filtrate varied from 0.5 to 2 L depending on turbidity.   
HPLC analysis was performed using a Hewlett Packard 1100 liquid chromatograph 
coupled to a diode array spectrophotometer and a Hewlett Packard 1046A fluorescence detector.  
The diode array detector was set at 436 nm for the detection of carotenoid and chlorophyll 
pigments, and at 405 for the detection of pheopigments.  The fluorescence detector was set at 
407 nm (excitation)/672 (emission) and 430 nm (excitation)/665 (emission).  Pigments were 
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separated by reverse –phase liquid chromatography using gradient elution with a C18, 5-µm 
column.  The mobile phase was prepared and delivered using the gradient protocol described in 
Wright et al. (1991).  Run time was 25 min.   
In addition to Chla, several marker pigments were used as indicators of dominant algal 
groups (Jeffrey and Vesk, 1997), and their concentration relative to Chla was used to detect 
spatial and seasonal changes in sediment algal community composition.  Pheopigments are Chla 
degradation products formed during consumption of algae, (Le Rouzic et al., 1995; Jeffrey and 
Vesk, 1997; Buffan-Dubau and Carman 2000) and algal senescence (Head et al., 1994; Louda et 
al., 1998).  Pheopigment data may therefore provide information on general trends in microalgal 
grazing and community senescence.  Here, we define total pheopigments as the sum of 
pheophorbide a and pheophytin a.  Reference standards were available for 11 pigments: Chl b, 
fucoxanthin, violoxanthin, alloxanthin, diatoxanthin, diadinoxanthin, lutien, and zeaxanthin, and 
β-carotene, pheophorbide a and pheophytin a.  Pigments were identified based on retention time 
and their match to available pigment standards, and pigment concentrations were calculated from 
peak areas using Hewlett Packard HPChemstation software.   
The ratio of centric to pennate diatoms in sediment has been used to determine the 
relative abundance of plankton and BMA (Cooper, 1995), respectively, and was used in this 
study a metric to assess the contribution of benthic and pelagic diatoms to sediment Chla.  The 
classification of marine centric and pennate diatoms into planktonic and benthic categories, 
respectively, is not rigid because some centric species are benthic and some pennate species are 
planktonic or frequently occur resuspended in near-bottom water.  However, most pennate 
marine diatoms are benthic and therefore this method provides information on the relative 
contribution of water-column and benthic primary producers to the sedimentary algae.   
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All sediments collected on Ship Shoal were fine to very fine sands with little particulate 
matter.  Therefore, epipelic diatom cells (mobile diatoms not attached to sand grains) could be 
efficiently extracted from sediment samples for microscopic examination by simply agitating the 
sediment and pipetting a sub-sample onto a counting dish.  Using an inverted microscope (up to 
400X magnification), the first 100 diatoms encountered while moving along a transect line were 
classified as pennate or centric based on cell morphology.  This procedure was replicated four 
times for a total of 400 cell counts.  Only fully or partially pigmented diatoms were included in 
counts.  Our method did not remove the epipsammic diatom species (benthic diatoms which 
attach to sand grains); therefore, this method may have underestimated the percentage of benthic 
diatoms.  Pseudo-nitzschia, a common pennate phytoplankter in the Gulf of Mexico (Dortch et 
al., 1997), was rarely encountered and when present was not included in the analysis.   
Data Analysis.  Variation in water depth and sediment granulometry was present across Ship 
Shoal from east to west.  Given the potential importance of these physical gradients to BPP, we 
grouped the 27 Ship Shoal stations by geographic location into western and eastern areas (Figure 
2-1) for further analysis.  Geographically, the main body of Ship Shoal is in the west, with a thin 
strip projecting to the east.  Consequently, 21 stations were assigned to the western grouping 
while 6 stations were assigned to the eastern grouping.   
Spatial and temporal differences in sediment Chla, fucoxanthin and total pheopigments 
were tested using a three-way-analysis of variance (ANOVA) with main effects of year (2005-
2006), location (east and west) and month (May/June, August, October) as factors.  Data were 
square root transformed to approximate normality and equal variance.  When a factor effect was 
significant, pairwise comparisons were made using Holm-Sidak procedure (Glantz, 2002) using 
SigmaStat 3.1.   
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For each sampling cruise, a Pearson correlation matrix was constructed to assess the 
relationship between sediment Chla, DO, salinity, temperature and depth, grain size and % 
silt+clay.  Integrated water-column Chla (WCI) and bottom-water Chla (BWC) were 
incorporated into the correlation matrix beginning in May 2006.  To determine the relative 
biomass of sediment and water-column algae, Chla was integrated over the water-column and 
converted to mg m
-2
.  The sediment Chla:WCI Chla ratio was then calculated.  
RESULTS 
Sediment Characteristics, Water Chemistry and Light.  Spatial gradients in depth and grain 
size were found on Ship Shoal.  Depth across the shoal ranged from 5 to 11 m and generally 
increased from west (5 to 8 m) to east (9 to 10 m).  Sediment on Ship Shoal was well sorted fine- 
to very-fine sand (mean grain size ranged from 120 to 200 µm) with a low silt+clay content 
(usually < 2%; Table 2-1).  Mean grain size generally increased from west to east, a pattern 
attributable to the higher percentage of shell hash (measured as percent gravel) on the eastern 
end.  Sediment organic carbon values from the June 2005 cruise were generally less than 0.2% 
across all stations.  Bottom-water dissolved oxygen (D.O.) concentrations were above hypoxic 
levels (4 mg l
-1
) at all stations and seasons, with the October D.O. levels higher than May/June 
and August (Table 2-1).  Bottom-water salinity was generally greater than 30 psu and no spatial 
patterns across the shoal were evident.   
Water-column Chla concentration had an overall range of 0.4 to 4.6 µg l
-1
 at the surface, 
0.8 to 5.3 µg l
-1
 in mid water, and 1.5 to 14.5 µg l
-1
 in bottom waters (Figure 2-2).  Significant 
seasonal differences in bottom water Chla were present (two-way-ANOVA; p=0.010), with Chla 
concentration highest in May compared to August (Holm-Sidak; p=0.005) and October (Holm-
Sidak test; p=0.010).  There was a significant effect of month on WCI Chl a as well (two-way-
ANOVA; p=0.027).  The lowest values were recorded in August which were significantly lower 
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than in May (Holm-Sidak; p= 0.013).  WCI Chl a values were similar in May and October 
(Figure 2-3).  WCI Chl a was consistently higher on the eastern end of Ship Shoal where water 
depth was greatest, but there was no significant location effect overall (Figure 2-3).   
 
Table 2-1.  Summary of seasonal bottom water and sediment data (mean ±SD) for the eastern 
and western portions of Ship Shoal during spring (May/June), summer (August) and fall 





















East  8.8± 1.1 182.3±22.3 1.1±0.7 2.4±2.0 4.6±0.8 26.4±1.5 33.2±2.4 
West 6.4±1.3 147.6±13.2 1.3±0.7 0.6±1.3 5.7±0.7 27.8±1.4 31.6±1.7 
 Summer 
East 8.4±1.1 208.7±57.4 1.6±1.4 3.9±4.0 5.8±0.4 30.3±0.5 34.8±0.5 
West 6.1±1.2 153.5±15.1 1.6±1.2 0.2±0.1 5.0±0.7 31.0±0.3 32.0±1.2 
 Fall 
East 9.0±1.2 203.3±26.2 0.9±0.7 2.9±2.6 7.6±0.4 25.1±1.9 33.4±1.1 
West 6.4±1.2 142.4±13.6 2.6±2.8 0.1±0.1 7.4±0.3 25.4±1.6 32.3±0.9 
 
  Over all sampling dates, estimated PAR reaching the sediment surface ranged from 2 to 




 depending on time of day and cloud cover (Table 2-2).    The 
percentage of surface light reaching the sediment was generally > 1%.  The percent of surface 
light reaching the sediment surface was lowest in October (0.03 to 1.3%) and highest in August 
(13-38%).  May values were intermediate, ranging from 1.5 to 17.5% (Table 2-2).  The percent 
of surface PAR reaching the sediment was similar at the east and west station groupings despite 
the fact that eastern stations were deeper on average than western stations.  Pearson correlations 
revealed no significant relationship in May, August or October between water depth and the 
percent of surface irradiance at the sediment.  These results may be explained by the higher KPAR 










































Figure. 2-2.  Surface, mid-depth and bottom water-column chlorophyll a values (µg/l) for east 
(E) and west (W) stations during May, August, and October 2006.  Chl a values represent the 
mean ±SD.  
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Figure 2-3.  Water-column integrated Chl a (mean±SD) for east (E) and west (W) stations during 




Table 2-2.   Photosynthetically active radiation (PAR), percent surface PAR on the seafloor and 
extinction coefficient (KPAR) for east and west Ship Shoal stations.  PAR values are a range for 
that location/date.  Percent surface PAR at sediment and KPAR are mean ± SD for each 
location/date. 
 May 2006 August 2006 October 2006 





East 38-170 269-652 2-18 
West 93-500 175-435 4-31 
 % Surface light at the bottom 
East 6.9 ± 7.4 27.6 ± 9.8 0.8 ± 0.5 




East 0.36 ± 0.09 0.15 ± 0.05 0.53 ± 0.05 
West 0.51 ± 0.11 0.28 ± 0.07 0.62 ± 0.30 
a 




Sediment Algae.   Chl a concentration in the sediment was highly variable both within and 
between stations (Figure 2-4).  Three-way ANOVA revealed a significant year effect (p<0.001) 
with 2006 sediment Chla significantly higher than 2005.  Seasonal variability was also high with 
average Chla values for the entire shoal ranging from < 10 to 50 mg m
-2
 in 2005 and from 21 to 
53 mg m
-2
 in 2006.  Overall, Sediment Chla was significantly lower in October compared to 
May/June (Holm-Sidak; p = 0.017).  With the exception of August 2005, sediment Chla 
concentrations were very similar at the eastern and western stations, and no significant 
differences were detected (three-way-ANOVA; p=0.054).  No significant interactions were 
found between year, month and location. 
 Pearson correlations reveal no significant relationships between sediment Chla and depth, 
temperature, salinity, DO, grain size or % silt+clay in 2005 (Table 2-3).  In 2006, the percent of 
surface light reaching the bottom, integrated water-column Chla, and bottom water Chla were 
included in the correlation analysis (Table 2-4).  Sediment Chla again showed no significant 
relationship to any variable except in October 2006 when a significant positive relationship was 
found with temperature (r
2
=0.684; p=0.007; Table 2-3).    
Table 2-3.  Pearson correlation coefficients between sediment Chla and physical and water-
quality parameters collected in 2005 and 2006.  A ―*‖ indicates a significant relationship 




















  2005 
June  27 -0.304 0.100 -0.310 0.260 -0.263 0.002 
August  27 -0.315 0.298 -0.150 -0.030 nd nd 
October  27 0.096 -0.002 -0.064 0.352 0.171 0.214 
  2006 
May 27 -0.099 -0.083 -0.012 -0.008 0.183 -0.180 
August  21 -0.052 -0.207 -0.068 -0.282 -0.403 0.442 





































































Figure 2-4.  Sediment chlorophyll a, fucoxanthin, and total pheopigments (mean ± SD) for 
eastern (E) and western (W) station groups for spring, summer, and fall 2005-2006.   
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Table 2-4.  Pearson correlation coefficients between sediment Chla and light and water-column 




% surface light on 
seafloor WCI Chl a BW Chl a 
May  6 0.133 -0.426 -0.480 
August  7 -0.214 0.487 0.595 
October 5 0.555 -0.472 -0.586 
 
Of the marker pigments present in sediments, fucoxanthin was found in the highest 
concentration.  During the two years of sampling, sediment fucoxanthin concentration ranged 
from <10 to 40 mg m
-2
.  Seasonal and spatial trends for fucoxanthin were similar to those of 
Chla (Figure 2-4).  Although the effect of location on fucoxanthin values was statistically 
significant (three-way-ANOVA; p=0.035), sediment fucoxanthin values were similar in east and 
west groupings on most sampling dates (Figure 2-4).  Significant seasonal differences (three-
way-ANOVA; p=0.005) were present, with fucoxanthin concentrations in October significantly 
lower than May/June (Holm-Sidak; p=0.002) and August (Holm-Sidak; p=0.012).  No 
significant interactions were found between year, season and location. 
Sediment fucoxanthin:Chla ratios were similar across the shoal.  The ratio ranged from 
0.33 to 1.36 with most values between 0.6 and 0.8.  Fucoxanthin:Chla ratios were generally 
highest in August, although values were variable (Table 2-5). These ratios are similar to those 
found in pure diatom culture (Lucas and Holligan, 1999; Table 2-5).   Fucoxanthin is diagnostic 
for diatoms (Jeffrey and Vesk, 1997), and linear regression analysis revealed a strong positive 
relationship between sediment fucoxanthin and sediment Chla (linear regression, R
2 
values > 
0.96 for May/June, August, October), suggesting that diatoms were predominant in the sediment 
microalgae on all sampling occasions.   
In 2005 and 2006, mean total pheopigments (pheophytin a + pheophorbide a) at 
individual stations ranged from <1 to approximately 25 mg m
-2 
(Figure 2-4).  Total 
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Table 2-5. Seasonal ratio of chlorophyll a to fucoxanthin and total pheopigments on the western 
and eastern portions of Ship Shoal in 2005 and 2006.   Ratios represent the mean ±SD.   
  Fucoxanthin:Chl a  Total pheopigments:Chl a 
  West  East   West  East  
 n 2005 
June 27 0.80±0.15 0.82±0.13  0.60±0.71 0.57±0.56 
August 27 0.81±0.17 0.80±0.16  0.72±0.51 1.40±0.88 
October 27 0.70±0.19 0.76±0.18  0.28±0.33 0.42±0.33 
  2006 
May 27 0.66±0.15 0.74±0.18  0.37±0.40 0.38±0.31 
August 21 0.85±0.11 0.89±0.34  0.71±0.57 0.96±1.27 
October 16 0.69±0.06 0.83±0.28  0.16±0.06 0.88±1.47 
 
pheopigments were similar across Ship Shoal during most sampling dates and no significant 
location effects were detected (three-way-ANOVA; p=0.185).  A significant season effect was 
present (three-way-ANOVA; p<0.001), with lower total pheopigment values in October 
compared to May/June (Holm-Sidak; p<0.001) and August (Holm-Sidak; p<0.001) as well as 
significant differences between May/June and August (Holm-Sidak; p=0.031; Figure 2-4).  A 
significant interaction between season and location was found (three-way-ANOVA; p=0.039).  
The effect of location was significant in August (Holm-Sidak; p<0.001) and October (Holm-
Sidak; p=0.034) only.  In 2005 and 2006, total sediment pheopigments displayed temporal 
patterns similar to sediment Chla (Figure 2-4), and sediment Chla explained a significant amount 
of variation in total pheopigment concentrations in sediment cores in May/June (linear 
regression, Adj R
2
=0.605; p<0.001), and October (Adj R
2
 = 0.643; p<0.001) and to a lesser 
degree, August (Adj R
2
=0.393; p=0.001).  Total pheopigment:Chla ratios were highly variable 
and spatial patterns across the shoal were not evident (Table 2-5).  In 2005, mean values ranged 
from 0.24 to 1.37 and from 0.15 to 0.96 in 2006, with the highest ratios generally occurring in 
August in both 2005 and 2006 (Table 2-5). 
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Peridinin, an indicator of dinoflagellates, was below detection limits in virtually all 
sediment samples.  The cyanobacterial marker pigment, zeaxanthin, was present in 2005 and 
some 2006 sediment samples, but was usually less than 2 mg m
-2
 and the  zeaxanthin:Chla ratio 
was <0.1.  Other pigments indicative of diatoms such as the photoprotective pigments 
diadinoxanthin and diatoxanthin were also present in the sediment.  Marker pigments for other 
algae were present in low or undetectable concentrations.  Although fucoxanthin is present in 
algal classes other than diatoms, the lack of accessory pigments indicative of other classes 
suggests fucoxanthin was principally derived from diatoms.   
Microscopic examinations revealed that in every month and location sampled on Ship 
Shoal, > 90% of diatom cells in sediment samples were pennate, with centric diatoms generally 
comprising < 10% of diatom cells (Table 2-6).   Most pennate diatoms were tentatively identified 
as members of the genera Nitzschia, Navicula and Amphora.  Diploneis and Pleurosigma were 
also present but less abundant. 
Sediment and Water-column Comparison.  Based on accessory pigment:Chla ratios, 
fucoxanthin was the dominant marker pigment in sediment and bottom water samples (Table 2-
7), suggesting diatoms were the most abundant algal group in both locations.  However, the 
fucoxanthin:Chla ratio in the bottom water was always lower than in sediment samples.  Despite 
the shallow depth of Ship Shoal, changes in bottom-water pigment ratios did not correspond with 
changes in the sediment ratios.  For example, zeaxanthin:Chla ratios in the bottom water peaked 
in August, but remained low in the sediment during all other months sampled (Table 2-7).  
Similarly, peridinin was seasonally present in the bottom water, but was below detection limits in  
sediment samples overall.  Conversely, pheopigments were present in sediment samples 
throughout the year, while pheopigments were detected in the bottom water only in May (Table 
2-7).   
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Table 2-6.  Percent pennate and centric diatoms in sediment algal samples collected in May, 
August and October of 2006.  Percents are the mean ±SD for a location.   N = 6 for west and 3 
for east. 
 
 May  August  October 
Location % Pennate 
% 
Centric % Pennate 
% 
Centric % Pennate 
% 
Centric 
East 92.2 ± 0.6 8.8 ± 0.6 94.8± 5.4 5.2 ± 2.9 98.0 ± 1.5 2.0 ± 0.2 
West 94.9 ± 5.3 5.1 ± 5.5 94.4 ± 3.5 5.6 ± 3.6 99.5 ± 0.6 0.5 ± 0.6 
 
Table 2-7.  Pigment ratios in bottom water (BW) and sediment (Sed) samples collected 
simultaneously from the eastern and western phytoplankton stations in 2006. 
 
 Peridinin:Chl a Fucoxanthin:Chl a Zeaxanthin:Chl a 
Total 
pheopigments:Chl a 




 0.47 0.62 0.01 0.01 0.06 0.16 
August 0.05 BDL 0.55 0.97 0.22 0.05 0.02 1.22 
October 0.07 BDL 0.48 0.91 0.05 0.08 BDL 1.20 
 West 
May BDL BDL 0.58 0.61 0.01 0.01 0.08 0.32 
August BDL BDL 0.46 0.81 0.19 0.02 BDL 0.65 
October BDL BDL 0.61 0.68 0.05 0.02 BDL 0.18 
a
 BDL-below detection limits 
 
Mean Chla concentration in both sediment and water-column samples were variable and 
the two were not significantly different from each other in any season (Mann-Whitney Rank Sum 
test).  However, on an areal basis, sediment Chla exceeded WCI Chla at 4 of the 6 Ship Shoal 
stations in May 2006 and 4 of the 7 stations in August 2006 (Figure 2-5).  Much of the spatial 
differences in the ratio across the shoal were related to water-column integration length, with 
WCI Chla:sediment Chla ratios highest at the deeper stations.  However, in August 2006 the 
ratio was near 1 even at the deepest stations.  During October 2006, WCI Chla was greater than 
sediment Chla at only 2 of the 5 stations (Figure 2-5), because, severe weather prevented 
sampling the more shallow western stations where sediment Chla would be most likely to exceed 
WCI Chla.   
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DISCUSSION 
To appraise the potential for BPP on Ship Shoal we examined the origin and biomass of 
sediment algae and assessed some of the physical factors known to influence BPP.  Based on the 
following observations, we conclude that BMA likely serves as the foundation for unique 
ecological services provided by Ship Shoal.  First, PAR profiles indicate sufficient light reaches 
the seafloor for photosynthesis suggesting BPP may be high and seasonally sustained.  If so, BPP 
could contribute to the high dissolved oxygen we observed in Ship Shoal near-bottom water even 
though surrounding shelf water was hypoxic or near hypoxic in both summers studied (Gulf of 
Mexico Program, 2008). 
We also found that sediment algal biomass on Ship Shoal was dominated by pennate 
diatoms, a condition that may be uncommon on the broader LCS where sediment Chla is thought 
to derive primarily from settled phytoplankton (Turner and Rabalais, 2002; Rabalais et al., 2004; 
Wysocki et al., 2006; M. Grippo, Louisiana State University, unpubl. data).  Finally, the biomass 
of BMA on Ship Shoal may periodically rival or exceed water-column integrated phytoplankton 
biomass.  Consequently, BMA rather than phytoplankton may contribute the most to energy flow 
through the local Ship Shoal food web.  
Irradiance levels of 0.1 to 1% of surface light are considered the minimum required for 
photosynthesis, although the actual irradiance required for benthic primary productivity is likely 
to be even lower (Gattuso et al., 2006; McGee et al., 2008).  Based on these criteria, sufficient 
light was available for BPP on Ship Shoal throughout the year.  Seafloor irradiance was > 5% of 
surface PAR at most stations during May 2006 and > 20% at most stations during August.  Even 
during October 2006, when light penetration was lowest, most stations had sediment light levels 
around 1% of surface values.  BPP is influenced by substrate composition because light 
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Figure 2-5.  Ratio of water-column integrated (WCI) Chl a to sediment Chl a during May, 
August and October of 2006.  The grey line represents 1:1 WCI and sediment  
Chl a.  A value to the right of the line indicates sediment Chl a>WCI and a value to the left 




addition to its shallow depth, the sedimentary characteristics of Ship Shoal are likely to be more 
conducive to BPP than the fine, silty sediments typical of the Gulf of Mexico.    
Benthic algal Chla, on an areal basis, exceeded WCI Chla at most of the stations during 
much of the year.  The ratio of WCI Chla to sediment Chla declined with depth as phytoplankton 
integration length increased.  Therefore, sediment algal biomass exceeded phytoplankton 
biomass most often at the shallow western stations, while the opposite was true at the deeper 
stations.  Algal standing stock are not easily equated to primary production.   Also, while our 
sediment samples went to a depth of 2 cm, only those algal cells in the photic zone of the 
sediment (1 to 2 mm in sand) are capable of photosynthesis; therefore, it is difficult to know how 
benthic primary productivity compares to water-column primary productivity on Ship Shoal.  
Direct measurement of BPP coupled with water-column primary productivity is needed to further 
evaluate this relationship. 
Sediment Chla.  The few measurements of sediment Chla reported for the GOM have used 
contrasting methodologies, units, locations (primarily beneath the Mississippi River Plume) and 
sediment types, making comparisons with this study tenuous (Radziejewska, 1996; Chen et al., 
2003; Rabalais, et al., 2004; Wysocki et al., 2007).  Overall, sediment Chla concentrations found 
in this study, i.e., 10 to 50 mg m
-2 
with individual values often in excess of 100 mg m
-2
, are 
similar to other estuarine and marine locations in the Gulf of Mexico (reviewed in MacIntyre et 
al., 1996), but lower than values reported for the LCS near the Mississippi River Plume where 
high phytoplankton primary production may contribute to sediment algal biomass (Radziejewska 
et al., 1996).   
 Both marine and terrestrially derived carbon are found in sediments of the LCS (Trefrey, 
1994; Turner and Rabalais, 1994) and of the two sources, marine algae are thought to constitute 
the greater fraction (Eadie et al., 1994; Rabalais et al., 2004).  In turn sedimentary algae may be 
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composed of BMA, settled phytoplankton (as individual cells or zooplankton in fecal pellets) or 
both.  Sedimentary algae from nearby off-shoal locations are mostly phytoplankton or a mix of 
centric and pennate diatoms suggesting settled phytoplankton are prominent in the fine sediments 
surrounding Ship Shoal (M. Grippo, Louisiana State University, unpubl. data).  In contrast, on 
Ship Shoal, centric diatoms typically made up less than 10% of the benthic diatom community 
across all sampling locations and seasons suggesting sediment Chla is directly related to BMA 
biomass rather than phytodetritus.  HPLC results supported the centric/pennate analysis.  First, 
the fucoxanthin:Chla ratio was higher in the sediment samples than in bottom water samples on 
all sampling dates, suggesting two distinct communities with the sediment algae containing 
higher concentrations of fucoxanthin (a the light harvesting accessory pigment) as an adaptation 
to low light conditions (McGee et al., 2008).  Second, the strong correlations between sediment 
Chla and fucoxanthin also provides persuasive supporting evidence that Chla is present in intact 
―fresh‖ benthic microalgal production.  Finally, silty sediments on the broader LCS typically 
have a total pheopigment:Chla ratio  > 1 indicating algal carbon is in the form of phytodetritus 
and fecal pellets (Rabalais, et al., 2002; Radziejewska, 1996; Chen et al., 2003; Wysocki et al., 
2007).  However, for most of Ship Shoal sediment total pheopigment:Chla ratios were generally 
< 1 indicating new production of high nutritional quality rather than phytodetritus (Tenore, 1988; 
Wieking and Kroncke, 2005; Table 2-5).   
 The low abundance of settled phytoplankton in Ship Shoal sediments may be depth 
related.  Bottom currents are typically faster on high-relief areas like shoals and there is less 
overlying water to contribute phytoplankton cells to the sediment.  These factors may prevent a 
significant amount of phytodetritus from accumulating on the sediment surface of Ship Shoal.  
BMA, on the other hand, are able to use mucilage to minimize resuspension (Miller et al., 1996 
and references therein).  Also, the vertical advection rate of phytodetritus increases with grain 
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size (Cartaxana et al., 2006; Ehrenhauss et al., 2004 and references therein) so sandy sediments 
may retain deposited phytoplankton at the sediment surface for less time than impermeable, 
muddy sediments.   
Sedimentary algal biomass was highest during May/June and August.  Similar seasonal 
patterns have been found in other subtidal locations (Nelson et al., 1999; Welker et al., 2002) and 
perhaps reflect seasonal changes in temperature, photoperiod and nutrient availability (Welker et 
al., 2002; Cibic et al., 2007) as well as macrofaunal grazing (Hillebrand et al., 2000).  The 
interaction between benthic invertebrates and BMA is discussed below.  Seasonal differences in 
sediment Chla were most evident in 2005.  The large decrease in sediment Chla in October of 
2005 may also have been related to sediment scour from Hurricanes Katrina (August 29, 2005) 
and Rita (September 24, 2005), which occurred shortly before our sampling trip.   
No consistent, significant relationships were found between sediment Chla and any of the 
measured physical and biological parameters.  For several of the variables (i.e. temperature, 
salinity, grain size, D.O., % silt+clay), the lack of a relationship was due to the narrow range of 
values found on Ship Shoal for these parameters.  In addition, the analyses may have suffered 
due to low sample size.  The fact that depth and sediment light levels were not correlated with 
benthic algal biomass was unexpected, as most investigators find a relationship between these 
variables (Cibic et al., 2007; Facca and Sfriso, 2007).  The results are also surprising considering 




, were generally less than typical saturating light levels derived from in-situ primary 
productivity-irradiance curves for BMA communities (MacIntyre et al, 1996; Dodds et al., 1999; 
Qu et al., 2004; Serodio et al., 2005).  However, these curves were based on estuarine BMA 
communities and cannot be assumed to apply to shelf BMA communities.   
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Other Sediment Pigments.  Although Lohrenz et al. (1999) found that dinoflagellates were 
abundant in Louisiana coastal waters during the summer and fall, in this study, dinoflagellate 
marker pigments were below detection limits in most sediment samples regardless of season.  
Our results support recent investigations which have demonstrated that phytoplankton collected 
in settling traps (Dortch et al., 2000) and sediments (Rabalais et al., 2004; Wysocki et al., 2006) 
on the LCS are primarily diatoms and cyanobacteria.  Dinoflagellates may settle to the benthos, 
but have slower sinking rates than diatoms (Bianchi et al., 2002) and may be consumed or 
decomposed before reaching the seafloor.  Although cyanobacteria are common constituents of 
BMA and zeaxanthin is generally found in high concentrations in the LCS sediments (Rabalais et 
al., 2004), zeaxanthin was present in Ship Shoal sediments at low or undetectable concentrations 
for much of the sampling period.  However, zeaxanthin is a photoprotective pigment produced 
under high light intensity (Jeffrey and Vesk, 1997) and therefore may have low cellular 
concentrations in shallow habitats like Ship Shoal.  
On Ship Shoal, seasonal changes in sediment pheopigment concentrations closely tracked 
sediment Chla suggesting the two are linked (Figure 2-4).  Pheopigments have been used as 
indicators of grazing, microbial decomposition, and to evaluate the seasonal decline of algal 
communities (Louda et al, 1998), such as the post-bloom decay of phytoplankton.  Little 
phytodetritus was observed in Ship Shoal sediment samples, suggesting a lesser contribution of 
phytoplankton to sediment pheopigments.  An increase in pheopigment:Chla ratios may also 
indicate senescing BMA communities (Light and Beardall, 1998; Metaxatos and Ignatiades, 
2002).  However, on Ship Shoal, mean pheopigment concentrations and pheopigment:chla ratios 
were highest in August, when BMA biomass was high.  Also, pheopigment:Chla ratios did not 
increase during October when BMA biomass declined.  Another source of pheopigments is 
grazing, and the increase in pheopigment:Chla ratios in the summer may have been a product of 
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increased grazing pressure on BMA.  In 2006, benthic macroinfauna on Ship Shoal maintained a 
high average biomass (37.3 g wet weight m
-2
) and a significant positive relationship between the 
abundance of suspension feeding macroinfauna and sediment Chla was found in August (S. 
Dubois, French Research Institute for Exploration of the Sea, unpubl. data).  Like macrofauna, 
meiofauna can consume a large fraction of BMA standing stock (Pinckney et al., 2003).  Total 
pheopigment concentration in Ship Shoal sediment samples was weakly but significantly related 




) in August 2005 (linear regression, R
2
 = 
0.297; p=0.003) but not in August 2006 (M. Grippo, Louisiana State University, unpubl. data).  
Although the abundance of benthic macroinfauna was not a seasonally consistent predictor of 
sediment pheopigment concentrations, our data are consistent with the notion that the 
macroinfaunal community on Ship Shoal grazes BMA.  
Sediment-Water-column Interaction.  Shallow water depth and tidal flow may facilitate a tight 
coupling between the benthos and the overlying water-column.  For sediment algae this could 
mean a downward flux of phytodetritus and/or an upward flux of BMA during periods of high-
bed turbulence.  Such a benthic-pelagic exchange is thought to be common in the shallow 
intertidal zones of estuaries (MacIntyre et al., 1996).  However, upward flux of BMA may be 
less prominent in off-shore habitats like Ship Shoal. Multiple lines of evidence from this study 
suggest limited benthic-pelagic exchange.  First, bottom water Chla was not correlated with 
sediment Chla.   Second, pigment analysis indicated the presence of dinoflagellates and 
cyanobacteria in bottom-water samples, but marker pigments for both of these taxonomic groups 
were either absent or present in low concentrations in sediments.  Third, pheopigment data 
suggested little resuspension, as pheopigments were below detectable limits in most bottom 
water samples but were present in sediment samples collected at the same time period.  Finally, 
sediment transport modeling indicates that during calm weather bottom shear stress on Ship 
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Shoal is less than the threshold required for sediment resuspension (Kobashi et al., 2007).  
Although the benthic and pelagic phytoplankton components of Ship Shoal appear to interact 
weakly during calm conditions, periodic resuspension occurs during severe weather which would 
facilitate algal exchange (Kobashi et al., 2007).  Similar results were reported by Nelson et al., 
(1999) who found that extensive sediment mobilization on the South Atlantic Bight typically 
occurred only during storms.   
Conclusions.  Our study documents the existence of a high biomass of BMA on Ship Shoal.  
Light levels at the sediment-water interface were sufficient to support BPP through much of the 
year, and coupled with BMA biomasses that are similar to or exceed integrated water-column 
levels, our data suggest that BPP is common and high throughout Ship Shoal.  Given the high 
nutritional quality of BMA (Tenore, 1988) and the large size of Ship Shoal (~ 500 km
2
), BPP 
could be a significant local resource to resident and transient organisms, as it is on other 
sandbanks (Wieking and Kroncke, 2005).  The results of this study have implications for the 
larger inner shelf of the northern Gulf of Mexico.  Other large shallow sand deposits on the inner 
continental shelf, including Tiger and Trinity Shoals, Sabine Bank, and the sandy inner shelf 
from Alabama to west Florida may also support high benthic algal biomass and potentially high 
BPP (Darrow et al., 2003).   
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Benthic microalgae (BMA) and phytoplankton both serve as carbon sources in coastal 
marine sediments.  However, the relative contribution of the two sources may influence benthic 
processes in contrasting ways (Boon and Duineveld, 1996; Reis et al., 2007).  For example, 
biogeochemical processes in sediments containing primarily phytodetritus should differ from 
sediments dominated by living microalgae, because BMA may affect biogeochemical cycling as 
well as nutrient and solute flux from the sediment (Sundbäck et al., 1991; Tyler et al., 2003; 
Sundbäck et al., 2006).  In addition, dissolved oxygen levels below the pycnocline may both 
affect and be affected by BMA (Larson and Sundbäck, 2008), which is particularly relevant to 
areas that experience acute seasonal hypoxia such as in the north-central Gulf of Mexico 
(NCGOM; Chapter 1).  Thus, an understanding of the relative contribution of BMA and 
phytodetritus to marine sediments, as well as the factors influencing their distribution is 
fundamental to understanding benthic processes on the continental shelf. 
In the highly productive waters of inner continental shelf systems, export to the seafloor 
(as live or dead cells) is the fate for much of the large phytoplankton (primarily diatoms) not 
consumed in the water-column.  On the Louisiana inner shelf hypoxic zone, Dortch et al. (2001) 
found that sinking phytoplankton directly contributed <10 to >50% of total carbon flux to the 
sediment.  In addition, on the Louisiana shelf a high percentage of surface phytoplankton reaches 
the sediments as fecal pellets, exceeding the flux of phytoplankton in the spring near the 
Mississippi River (Turner et al. 1998; Dortch et al., 2001).  Once sedimented, these sources 
(hereafter referred to as phytodetritus), may be buried, mechanically degraded, consumed by 
benthic metazoans, decomposed by microbes, or in the case of live cells, enter a resting phase 
(Graf, 1992; Hansen and Josefson 2003; Ehrenhauss, et al., 2004; Chen et al., 2005; Dagg et al., 
2007 and references therein).  The rate of phytoplankton decay is variable, with some studies 
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showing rapid consumption and remineralization of settled phytoplankton (Graf, 1992 and 
references therein; Levin et al., 1999) and others showing persistent pools of Chl a (Weissberger 
et al., 2008) perhaps bound in microalgal cells (Hansen and Josefson, 2001).  Seasonal hypoxia, 
like that found on the Louisiana shelf, also influences the fate of settled phytoplankton through 
biological and chemical alterations in the rate of organic matter processing and pigment 
degradation (Sun et al., 1993; Bianchi et al., 2000).  
BMA may contribute to sediment carbon in areas of the shelf with a light regime 
sufficient to support benthic primary production (BPP).  BPP may occur over much of the 
continental shelf (reviewed in Gattuso et al., 2006) and has been found in continental slope 
sediments in waters as deep as 191 m (McGee et al., 2008).  Furthermore, sedimentary 
microalgal biomass on the continental shelf may exceed the biomass of phytoplankton in the 
overlying water and BPP may rival or even exceed gross water-column primary production 
(Cahoon and Cooke, 1992; Nelson et al., 1999; Jahnke et al, 2000). The level of surface light 
reaching the seafloor is a primary constraint on BMA, limiting BPP in deeper off-shore waters as 
well as turbid near-shore waters, which have higher phytoplankton production and suspended 
sediment load.  Sediment type is another potential influence, although the relationship between 
BMA and grain size is complex because other variables also influence BPP (Cahoon et al., 
1999).  For coastal Louisiana, the input of phytoplankton to shelf sediments has been studied 
extensively (Rabalais et al., 2002 and references therein; Wysocki et al., 2007; Green et al., 
2008), but few studies have been specifically designed to examine the contribution of BMA to 
sediment microalgal biomass and benthic food webs on shelf systems.   
The complex geologic history of Louisiana’s deltaic shelf sediments, as well as on-going 
riverine inputs have resulted in heterogeneous sediment and water-column conditions in the 
Louisiana shelf  (Penland et al., 1986; Gordon et al., 2004).  Consequently, the distribution, 
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composition and relative degradation of sedimentary organic matter derived from in situ 
production may vary greatly across the Louisiana shelf.  For example, a number of investigators 
have found seasonally high inputs of phytodetritus (particularly as fecal pellets) to muddy 
sediments beneath the Mississippi River plume (Redalje et al., 1994; Rabalais et al., 2002; 
Wysocki et al., 2007).  However, in a study of a nearby shallow, sandy shoal a high BMA 
biomass (10 to 50 mg m
-2
) was evident, and phytodetritus contributed little to the pool of 
sediment Chl a (Grippo et al., 2009).  In addition to sediments, there are gradients in light, water-
column productivity and bottom-water dissolved oxygen, all of which may influence the 
characteristics of sediment-associated microalgae.   
Microalgal pigments such as Chl a and pheopigments are commonly used as indicators of 
relatively fresh and degraded microalgal communities, respectively (Boon et al., 1999; Wieking 
and Kröncke, 2005; Pusceddu et al., 2009).  Here I use photosynthetic pigment analysis and 
microscopic examination of sediment microalgae to investigate how the biomass, composition, 
origin (i.e. benthic vs. water-column), and degradation state of sediment-associated microalgae 
vary along the Louisiana inner shelf across a continuum of water-column and sediment 
conditions.   
STUDY AREA AND METHODS 
Study Site and Sample Collection.  The NCGOM is a river-dominated shelf system 
characterized by high inputs of fresh water, suspended sediments and nutrients from the 
Mississippi River birdfood delta and the Atchafalaya River.  High nutrient loads (particularly 
nitrogen) support high phytoplankton primary production (Rabalais et al., 2002).  The largest 
riverine nutrient pulses in the NCGOM occur in the winter and early spring when discharge is 
highest, resulting in phytoplankton blooms in mid-salinity (15-20 psu) regions of the Mississippi 
River plume where river and shelf waters mix (Justić et al., 1993; Lohrenz et al., 1999; Walker 
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and Rabalais, 2006).  Westerly currents carry these nutrient and phytoplankton-rich waters along 
the inner shelf (Dagg and Whitledge, 1991; Chen et al., 2000; Walker and Rabalais, 2006) except 
during cold fronts and during the late summer when currents change to a more east/southeast 
direction (Ohlmann and Niiler, 2005; Walker and Rabalais, 2006).  Nutrients and phytoplankton 
production decrease in high salinity water with increasing distance from the Mississippi River 
and in a seaward direction (Dagg and Breed, 2003).   
 Shelf sediments are dominated by sandy silts and silty sands (Frazier, 1974), but sandy 
sediments are present on isolated shoals and in scoured areas near the Atchafalaya River 
discharge (Gordon et al., 2001).  Bottom currents on the inner shelf landward of the 20 m isobath 
are mild (< 10 cm s
-1
) in fair weather, and do not generate significant sediment resuspension 
(Wright et al., 1997).  However, periodic resuspension and sediment transport occur during 
hurricanes and tropical storms in the summer and frequent cold fronts (30 to 40 yr
-1
) during 
winter and spring.  These periodic fronts may produce fluid mud streams  originating from the 
Atchafalaya River that flow primarily to the west along the inner shelf depending on seasonal or 
frontal conditions (Gordon et al., 2001; Kobashi et al., 2007).   
The goal of this study was not to survey sediment microalgae across the entire inner 
shelf, but rather to characterize microalgae under a diversity of sediment and water-column 
conditions.  Therefore, sampling locations were not chosen randomly, but based on physical 
characteristics, with sandy shoals selected to provide a contrast to the more typical muddy 
bottom conditions of the inner shelf.  Stations were grouped into four designations based on 
sedimentological and geographical characteristics (Figure 3-1).  The first was Ship Shoal (SS), a 
sandy, shallow, relict barrier island approximately 25 km off the coast of the Isles Dernieres, 
Louisiana (Latitude 28° 54.725`N and Longitude 90° 54.592` W at the center).  SS is 50 km long 
and 5 to 12 km in width and is oriented parallel to the shoreline.  Up to six stations were sampled 
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on SS depending on weather.  Tiger Shoal (29º23.6 N, 92º04.181 W) extends from the shoreline 
to approximately 30 km seaward and is 100 km northwest of Ship Shoal.  Located directly south 
of Tiger Shoal about 48 km from shore is Trinity Shoal (29º12.5 N, 92º10.8 W) which runs 
parallel to the shoreline.  Both Tiger Shoal and Trinity Shoal are considered reworked deltaic 
deposits (Sutter et al., 1985) with similar depth and sandy sediments, but are closer to the 
shoreline than SS and are directly influenced by the Atchafalaya River.  Therefore, I grouped 
samples from Tiger Shoal and Trinity Shoal into a single complex referred to as TT (Figure 3-1).  
I sampled up to eight stations on TT.  Two off-shoal station groupings were designated as well.  
The first off-shoal grouping consisted of deeper (~18m) stations (DO) with fine sediments 
located south of the shoal stations.  The second consisted of shallow (~seven m) off-shoal 



















Figure 3-1.  Approximate location of individual sampling stations comprising the Ship Shoal 
(SS; closed circles), Tiger and Trinity Shoal (TT; squares), shallower off-shoal (SO; open 





were sampled in April and August.  On-shoal and off-shoal sediments were primarily 
differentiated by grain size, with a greater fraction of silt+clay and a smaller grain size at the off-
shoal stations.  Samples were collected in April, August and October of 2007.  Only 12 stations 
were sampled for the entire study area during the October cruise due to severe weather.    
Depth, temperature, salinity, dissolved oxygen (D.O.) and photosynthetically active 
radiation (PAR) were continuously profiled during vertical deployments at each station using a 
Seabird CTD system.  PAR values were recorded using a Biospherical Instruments 2-QSP-200L 
quantum sensor.  PAR profile values were simultaneously corrected for changes in surface light 
using a deck-mounted PAR sensor (Biospherical Instruments QSR).   Profiles began at 1 meter 
below the water surface and continued to 1 meter from the bottom.  Thus, my water chemistry 
values are representative of near-bottom, not bottom-water conditions. 
 At each station, three replicate sediment samples were collected using a Gulf of Mexico 
(GOMEX) box corer.  From each box core sample I collected a 5- and a 2-cm deep subcore for 
grain size and Chl a analysis, respectively, using a syringe corer (2.5 cm inner diameter). Two to 
three additional replicate 2-cm deep sediment cores were taken for pennate/centric diatom cell 
counts (described below).  Cores for sediment Chl a were immediately frozen in liquid N2 and 
stored at -80° C upon return to the laboratory.  Phytoplankton samples for Chl a analysis were 
collected in triplicate from the surface water, mid-depth and near-bottom water using a rosette of 
5 L Niskin bottles.  Samples were immediately filtered on pre-ashed Whatman GF/F filter paper 
(47 mm; 0.7 µm nominal pore size) and stored in liquid N2 until analysis.  The volume of water-
column filtrate varied from 0.5 to 2 L depending on turbidity.  To determine the relative biomass 
of microalgae in the sediment and water-column, Chl a was integrated over the water-column 
(WCI Chl a) and converted to mg m-2
 
using trapezoidal integration.  The ratio of sediment BMA 
to phytoplankton biomass was then calculated.   
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Laboratory Analysis.  Average grain size was determined by first washing sediments through a 
63-µm aperture sieve to separate the silt and clay (< 63 µm) from the coarser sediment fraction.  
Both fractions were then dried at 60°C and weighed to determine % silt+clay.  The > 63 µm 
fraction was dry sieved through 22 stacked sieves ranging from 63 µm to 2 mm and a grain-size 
profile was calculated using Gradistat software (Blott and Pye, 2001).  Sediment C:N was 
determined using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-
20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK).  Before C:N analysis, sediment 
samples were treated with 1 N HCL to remove carbonates. 
All photosynthetic pigment analyses were conducted using the methods of Buffan-Dubau 
and Carman (2000a).  Sediment samples were freeze-dried after which 100% acetone was added 
to each sample.  After a 60 sec sonication, samples were extracted overnight in the dark at 4 °C.  
After extraction the sample was centrifuged at 2000 rpm for 10 min and the supernatant was 
filtered and analyzed by high performance liquid chromatography (HPLC).  For water-column 
samples, filters were placed in 100% acetone, briefly sonicated and extracted overnight in the 
dark at 4°C before HPLC analysis.   
HPLC analysis was performed using a Hewlett Packard 1100 liquid chromatograph 
coupled to a diode array spectrophotometer and a Hewlett Packard 1046A fluorescence detector.  
The diode array detector was set at 436 nm for the detection of carotenoid and chlorophyll 
pigments, and at 405 for the detection of pheopigments.  The fluorescence detector was set at 
407 nm (excitation)/672 (emission) and 430 nm (excitation)/665 (emission).  Pigments were 
separated by reverse–phase liquid chromatography using gradient elution with a C18, 5-µm 
column.  The mobile phase was prepared and delivered using the gradient protocol described in 
Wright et al. (1991).  Run time was 25 min.  Pigments were identified based on retention time 
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and their match to available pigment standards, and pigment concentrations were calculated from 
peak areas using HPChemstation software.   
In addition to Chl a, pheopigments and several marker pigments were used as indicators 
of dominant microalgal groups in the sediment and water-column (Jeffrey and Vesk, 1997) and 
their concentration relative to Chl a was used to determine spatial and seasonal changes in 
microalgal community composition.  Reference standards were available for 11 pigments: Chl b, 
fucoxanthin, violoxanthin, alloxanthin, diatoxanthin, diadinoxanthin, lutien, zeaxanthin, and -
carotene, pheophorbide a and pheophytin a.  Sediment-associated Chl a degrades completely 
within 1to 2 mo in oxic sediments (Sun et al., 1993; Bianchi et al, 2000) and is therefore a useful 
indicator of relatively fresh microalgae (i.e. BMA or live settled phytoplankton).  Similarly, 
pheopigments are Chl a degradation products resulting from the consumption of microalgal cells 
(Le Rouzic et al., 1995; Buffan-Dubau and Carman, 2000b) and microalgal decomposition (Head 
et al., 1994) and  may therefore serve as indicators of sediment microalgal quality i.e. 
degradation state.  Although pheophorbides and pheophytins are often used as indicators of 
grazing (Jeffrey and Vesk, 1997; Bianchi et al., 2000) and cellular decomposition (Louda et al., 
1998 and references therein), respectively, these pigments may be produced by both processes 
(Head et al., 1994; Louda et al., 1998; Bustillos-Guzmán, et al., 2002; Cartaxana et al., 2003;) 
complicating their use as markers of specific degradation pathways.  Therefore, I defined total 
pheopigments (Tpheo) as the sum of pheophorbide a and pheophytin a, and pheophytin a-like 
pigments and used it as a general marker of phytodetritus, including fecal pellets produced in the 
sediment and water-column as well as settled, decaying individual and aggregated phytoplankton 
cells.  Conversely, low pheopigment concentrations were considered indicative of sediments 
with a greater complement of fresh microalgae. 
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The ratio of centric to pennate diatoms in sediment has been used to determine the 
relative abundance of phytoplankton and BMA (Cooper, 1995), respectively, and a similar 
metric was used in this study to assess the origin of sediment microalgal carbon (i.e. the 
percentage of benthic vs pelagic diatoms in the sediment microalgae).   Not all marine pennate 
diatoms are benthic (i.e. Pseudo-nitzschia spp.), and some species of centric diatoms may 
likewise inhabit the sediment (Paralia spp.).  Similarly, benthic diatoms may be resuspended in 
to the water-column (Shaffer and Sullivan, 1988) or be unique to low oxygen waters (i.e. 
Coscinodiscus).  Nonetheless, most pennate marine diatoms are benthic, and, therefore, the 
relative abundance of pennate and centric diatoms provides useful information on the origin of 
sedimentary microalgae (Cahoon and Laws, 1993).   
Epipelic diatom cells (mobile diatoms not attached to sand grains) were efficiently 
extracted from sandy sediment samples for microscopic examination by simply agitating the 
sediment and pipetting a sub-sample onto a counting dish.  However, the off-shoal stations often 
had a higher percentage of silt and clay, so microalgal cells were separated from the sediment 
using density gradient centrifugation.  For this procedure, salts were removed from the sediment 
by centrifuging in distilled water and decanting off the supernatant.  Ludox was then mixed into 
the sample in equal volume to the sediment and a layer of distilled water was added.  The 
samples were then centrifuged at 1200 rpm for 5 min, after which the layer of microalgae was 
pipetted onto a counting dish.  Using an inverted microscope (200X magnification), the first 100 
diatoms encountered along a transect line were classified as pennate or centric based on cell 
morphology.  This procedure was repeated three more times for a total of 400 cell counts.  Two 
to three replicates were examined in this manner for each station.  From these diatom counts, the 
percentage that were pennate (PD%) was calculated.  My methods did not remove epipsammic 
diatom species (benthic diatoms attached to sand grains); therefore, I may have underestimated 
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the percentage of benthic diatoms at the sandy stations.  Empty diatom frustules were not 
included in counts.   
Data Analysis.  To generaly assess the light available to BMA, an extinction coefficient (KPAR ) 
was calculated for each station using PAR data and used to determine the percent of surface PAR 




where Io is surface irradiance, k is the light attenuation coefficient (KPAR) and z is the bottom 
depth (m). 
 All comparisons between locations (SS, TT, SO, DO) and seasons (April, August, 
October) were made using a two-way analysis of variance (ANOVA).  If the overall effect was 
significant, pairwise location comparisons were performed using the Holm-Sidak test, which 
controls for the family-wise error rate in multiple comparison tests (Glantz, 2002).  Two-way-
ANOVA interactions were not significant unless stated otherwise in the text.  The presence of 
interactions suggests weather seasonal changes are due to physical processes common to all four 
sampling areas (no-interaction) or local processes (significant interaction).  Physical and 
biological variables expected to influence sediment pigment concentrations and the PD%, 
including depth, Ib, bottom water Chl a (BW Chl a) and WCI Chl a, were tested using linear 
regression if scatterplots suggested a relationship was present.  Data were transformed when 
required in order to approximate the assumptions of normality and equal variance.  Type III sum 
of squares was used in all ANOVA tests to account for unequal sample size.   
RESULTS 
Sediment, Water Chemistry and Light.  Depths at shoal (SS and TT) and SO stations were 
similar and ranged from 4.5 to 9 m (Table 3-1).  All DO stations were 17 to 20 m in depth.  
Sediments on SS were well sorted fine to very fine sand (mean grain size 154 to 178 µm) with 
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low silt+clay content (1%; Table 3-1).  TT sediments were very fine sand (107 to 125 µm) with a 
greater silt+clay content (less than 12%) than on SS.  Mean sediment % silt+clay was between 
40 and 46% at the SO stations and sediments ranged from very fine sand to coarse silt (mean 
grain size 76 to 85 µm), while those of DO were typically coarse silt (mean grain size 64 to 76 
µm) with <20 % sand (Table 3-1).  All shoal sediments had organic matter content < 1%, while 
fine sediments had organic matter contribution < 3% that decreased in a seaward direction 
(Grippo, unpublished data; Gordon et al., 2001).  Sediment C:N ratios were generally <10 and 
were significantly lower at the shoals (SS and TT) compared to off-shoal (SO and DO; two-way-
ANOVA; Holm-Sidak, p<0.01 for all comparisons).  The C:N values for shoal sediments were 
generally near the Redfield ratio for microalgae (6 to 7).  
Table 3-1.  Summary of depth and sediment characteristics (mean±SD) for SS, TT, SO and DO 
stations in April, August and October of 2007.  C/N was measured on bulk sediment. 
 







April      
SS 6 7.2±2.0 5.7±0.6 178±54 1.0±0.8 
TT 8 5.3±1.2 7.1±0.9 114±15 8.1±4.8 
SO 3 7.7±2.2 7.8±0.4 85±17 40.9±21.4 
DO 4 17.9±1.5 9.1±2.1 67±19 73.6±28.5 
August      
SS 5 6.6±2.1 7.2±0.6 157±19 1.0±1.1 
TT 7 5.1±0.5 6.4±0.8 125±18 6.4±4.7 
SO 3 7.6±2.1 8.7±1.1 79±10 43.3±25.7 
DO 4 16.7±0.8 9.0±1.8 67±12 76.3±6.5 
October      
SS 3 5.9±2.0 6.89±0.5 154±21 0.3±0. 
TT 4 6.5±0.3 8.13±1.51 107 ±19 4.3±1.4 
SO 3 8.2±2.0 10.0±3.9 76 ±10 46.5±16.3 
DO 2 16.3 7.9±0.2 64.0 64.8 
 
Surface-water dissolved oxygen (D.O.) was generally > 6 mg l
-1
 throughout the year at all 
locations, and near-bottom water hypoxia (D.O. < 2 mg l
-1
) was not detected with the exception 
of DO in August and one SS station in the August (Table 3-2).    Surface-water salinity ranged 
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Table 3-2.  Surface and bottom water conditions mean (range) at SS, TT, SO and DO stations during April, August and October of 
2007.  The number of stations sampled at each location is denoted by n. 
  Dissolved Oxygen (mg l
-1
) Temperature (°C) Salinity (psu) 
Location n Surface Bottom Surface Bottom Surface Bottom 
April        
SS 6 7.9 (7.3-9.0) 6.8 (5.8-7.7) 23.6 (23.0-24.0) 22.3 (21.9-22.7) 28.5 (20.3-30.8) 32.3 (26.8-35.4) 
TT 8 7.5 (7.0-7.8) 7.2 (7.0-7.7) 23.0 (22.5-23.6) 22.9 (22.0-23.4) 27.9 (26.8-30.1) 28.5 (26.8-31.8) 
SO 3 9.4 (7.6-9.6) 4.3 (3.6-6.9) 23.5 (22.4-24.1) 22.3 (22.1-22.4) 23.7 (20.4-29.7) 28.5 (24.2-33.3) 
DO 4 7.8 (7.4-9.4) 4.1 (2.1-5.9) 22.5 (21.9-23.1) 21.2 (20.4-21.9) 30.9 (21.6-34.4) 35.5 (34.8-36.1) 
August        
SS 5 6.0 (5.7-6.2) 3.7 (0.4-5.3) 31.1 (30.6-31.3) 30.6 (30.1-31.3) 25.6 (24.5-26.4) 27.9 (25.0-32.0) 
TT 7 4.9 (4.5-6.0) 4.6 (4.3-5.2) 31.1 (30.9-31.2) 31.0 (30.7-31.2) 29.0 (27.6-30.0) 29.1 (27.6-30.6) 
SO 3 5.7 (5.2-5.8) 4.8 (2.3-5.5) 31.2 (30.4-32.0) 30.9 (30.4-31.9) 26.5 (23.7-31.5) 26.9 (23.8-31.5) 
DO 4 5.4 (4.9-5.9) 0.5 (0.4-0.5) 30.8 (30.8-31.3) 28.2 (27.5-28.8) 29.1 (26.2-32.6) 35.6 (35.1-36.1) 
October        
SS 3 5.9 (5.6-6.0) 5.9 (5.6-6.0) 28.2 (28.1-28.2) 28.2 (28.1-28.2) 31.4 (30.1-33.3) 31.4 (30.1-33.3) 
TT 4 6.4 (6.2-6.5) 6.4 (6.2-6.5) 27.7 (27.5-27.8) 27.7 (27.5-27.8) 30.5 (30.4-31.1) 30.6 (30.4-31.1) 
SO 3 6.0 (5.8-6.1) 5.9 (5.6-6.0) 27.9 (27.8-28.0) 27.9 (27.9-27.9) 29.7 (28.4-30.5) 29.8 (28.8-30.5) 
DO 1 5.9 5.9 28.0 28.1 32.6 33.1 
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between 20 and 36 psu during April and August, and from 28.4 to 33.3 psu in October.  Lowest 
salinities were recorded at stations nearest the coastline. Bottom-water salinity displayed a 
similar range except at DO were it was consistently >30 psu on all sampling occasions (Table 3-
2).  Temperature, salinity and D.O. data suggested water-column stratification was present at SS, 
DO, and SO in April and August but not October.  There were significant differences in surface-
water Chl a among locations (Table 3-3).  Both TT and SO had significantly higher surface-
water Chl a than SS and DO (two-way-ANOVA; Holm-Sidak; p<0.007 for all comparisons).  No 
significant differences among the three sampled months were detected.   ANOVA indicated WCI 
Chl a differed significantly among locations (p<0.001) and months (p=0.035).  SS had a 
significantly lower WCI Chl a than TT, SO, and DO (p<0.011 for all) and WCI Chl a was 
significantly lower in October compared to April and August (p<0.0149 and p=0.021, 
respectively).   
Table 3-3.  Bottom water and surface water chlorophyll a values (µg l
-1
) on SS, TT, SO and DO 





) SS TT SO DO 
 April 
Surface 3.4±3.6 4.0±1.3 7.6±5.3 4.9±8.4 
Bottom 2.8±3.4 4.4±2.0 6.4±3.9 3.3±2.8 
 August 
Surface 1.9±0.9 5.9±1.0 5.9±3.6 0.8±0.6 
Bottom 3.2±1.7 5.9±1.5 5.5±2.9 3.5±1.7 
 October 
Surface 1.2±0.6 4.5±2.1 4.3±5.4 1.1 
Bottom 1.1±0.6 3.1±1.4 1.7±0.7 0.7 
 
The Ib on SS sediments (mean range 3.3% to 16.4%) was significantly higher than at the 
other three locations (Holm-Sidak; p<0.0001 for all comparisons).  Values at TT, SO, and DO 
were usually less than 1% (the assumed traditional compensation depth for microalgae) with no 
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significant differences among station groupings (Table 3-4).  The Ib was significantly greater in 
April compared to October (Holm-Sidak; p<0.005). Greater than 1% of surface PAR reached the 
sediments at most stations during April, but <1% reached the sediment in October at all locations 
except SS.  Mean KPAR displayed similar trends.  Significantly lower KPAR values were recorded 
in April compared to August and October (p<0.006 and p<0.024, respectively).  Mean KPAR also 
varied significantly by location (p<0.001).  KPAR was significantly lower at SS and DO compared 
to TT and SO (p<0.001 for all comparisons).  Surface water Chl a was a significant factor in 
explaining the variance in KPAR during August (Adj R
2
 = 0.497, p<0.001) and October (Adj R
2
 = 
0.497, p=0.006) but not April indicating phytoplankton was a major influence on sediment light 
levels. 
 
Table 3-4.   Percent surface PAR on the seafloor (Ib) and extinction coefficient (KPAR) at SS, TT, 
SO and DO in April, August and October of 2007.  The Ib and KPAR values are mean ±SD for 
each location/date.  
 SS TT SO DO 
 % Surface light at the bottom (Ib) 
April 16.4±9.7 2.6±2.4 1.3±1.4 0.84±0.9 
August 7.4±3.7 0.70±1.6 0.28±0.4 3.4±4.7 
October 3.3±1.9 0.30±0.3 0.32±0.5 0.3 
  KPAR   
April 0.32±0.21 0.93±0.52 0.66±0.27 0.29±0.04 
August 0.45±0.17 4.37±5.92 1.1±0.47 0.24±0.08 
October 0.66±0.33 1.1±0.35 1.7±1.10 0.35 
 
Biomass and Quality of Sediment Microalgae.  From April to October, mean sediment Chl a 







revealed no significant differences in sediment Chl a among the four locations or months. 
 
No 
significant relationship between sediment Chl a and depth, WCI Chl a, BW Chl a, or Ib were 



















Figure 3-2.  Sediment chlorophyll a, total pheopigments (Tpheo), Tpheo:Chl a, and zeaxanthin 



















































































































































Mean sediment Tpheo ranged from 6.8±0.88 mg m
-2 
to 58.0 ± 23.2 mg m
-2 
across the 
study area (Figure 3-2).  Results from the two-way-ANOVA indicated that sediment Tpheo 
concentrations on the shoals (<20 mg m
-2
) were significantly lower than concentrations off-shoal 
(Holm Sidak; p<0.0001 for all pairwise comparisons) where mean Tpheo values were >40 mg m
-
2
.  Temporal effects on sediment Tpheo were also significant (p=0.012), with higher values in 
August compared to April (Holm-Sidak; p=0.017).   Mean sediment Tpheo:Chl a ratio ranged 
from 0.44±0.66 (SS) to 5.46±3.43 (SO).  SS had significantly lower Tpheo:Chl a ratios (usually  
<1), than TT, SO, and DO (Holm-Sidak; p<0.001 for all).  Ratios at TT, SO, and DO were 
variable with no significant differences among the three locations (Figure 3-2).  Tpheo:Chl a did 
not significantly differ among sample dates.   
Sediment Chl a did not explain a significant amount of variance in sediment Tpheo 
concentrations when all locations were included in a linear regression.  However, examined as 
individual locations, sediment Chl a was positively and significantly related with sediment 
Tpheo at SO (Adj R
2
 = 0.989; p< 0.001) and DO (Adj R
2
 = 0.641; p< 0.002) in April and at DO 
(Adj R
2
 = 0.784; p< 0.001), SO (Adj R
2
 = 0.692; p< 0.002), and TT (Adj R
2
 = 0.556; p< 0.002) 
in August.  In October, a significant relationship between Chl a and Tpheo was not present at 
any location except for SS where a weak positive relationship was found (Adj R
2
 = 0.473; p< 
0.001).   
Composition of Sediment Microalgae.  A strong, significant positive relationship was found on 
SS between sediment Chl a and the diatom marker pigment fucoxanthin (linear regression; Adj 
R
2 
values >0.88 for all months).  A significant positive relationship between the two pigments 
was also found at TT, but the relationship was not as strong, especially in October (Table 3-5).  
Most fucoxanthin:Chl a ratios on SS and TT were generally >0.66 (Table 3-6).   
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Table 3-5.  R
2 
values for linear regression of sediment Chl a and fucoxanthin during April, August and October 2007 on SS, TT, SO 











Table 3-6. Ratio of chlorophyll a to fucoxanthin and total pheopigments from sediments and bottom water collected on SS, TT, SO 
and DO during April, August and October of 2007.   Ratios represent the mean ±SD.   
                                            
Location  Fuco:Chl a Zea:Chl a Peridinin:Chl a Tpheo:Chla 
  Sediment BW Sediment BW Sediment BW Sediment BW 
April n         
SS 6 0.76±0.13 0.47±0.15 0.06±0.03 0.09±0.08 nd 0.16±0.12 0.91±0.41 0.72±0.71 
TT 8 0.76±0.32 0.54±0.03 0.10±0.07 0.02±0.01 nd 0.09±0.04 2.45±1.66 0.25±0.11 
SO 3 0.36±0.09 0.40±0.25 0.08±0.05 0.02±0.02 nd 0.17±0.20 2.39±0.23 0.20±0.17 
DO 4 0.52±0.18 0.53±0.06 0.05±0.02 0.04±0.03 nd 0.03±0.04 2.77±1.53 0.40±0.36 
August          
SS 5 0.75±0.35 0.35±0.02 0.03±0.03 0.20±0.06 nd 0.04±0.01 1.05±1.02 0.38±0.10 
TT 5 0.52±0.14 0.49±0.09 0.08±0.03 0.06±0.02 nd 0.09±0.06 1.82±0.78 0.26±0.11 
SO 4 0.33±0.14 0.38±0.11 0.09±0.06 0.13±0.07 nd 0.04±0.02 3.69±3.19 0.23±0.07 
DO 4 0.36±0.15 0.49±0.13 0.09±0.03 0.09±0.03 nd 0.07±0.10 4.34±4.14 0.40±0.14 
October          
SS 3 0.68±0.15 0.53±0.03 0.03±0.04 0.06±0.03 nd 0.00±0.00 0.44±0.60 0.74±0.40 
TT 2 0.66±0.19 0.48±0.06 0.12±0.10 0.04±0.01 nd 0.01±0.03 3.94±3.84 0.43±0.13 
SO 2 0.27±0.12 0.51±0.18 0.07±0.02 0.07±0.06 nd 0.01±0.01 5.46±3.43 0.84±0.65 
DO 3 0.30±0.18 0.63 0.04±0.00 0.08 nd 0.00 5.12±0.66 0.95 
nd= not detected 
 
 Spring  Summer  Fall 
SS 0.875  0.995  0.986 
TT 0.973  0.952  0.585 
SO 0.997  0.510  <0.001 
DO 0.839  0.758  0.496 
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The relationship between fucoxanthin and Chl a was less clear off-shoal.  In contrast to 
SS and TT, DO and SO had fucoxanthin:Chl a ratios usually between 0.3 and 0.4, which were 
significantly lower than the ratios at both of the shoal locations (two-way-ANOVA; Holm-Sidak; 
p<0.006 for all pairwise comparisons).  As with the shoal stations, there was a strong, significant 
positive relationship in April between sediment Chl a and sediment fucoxanthin on DO (Adj 
R
2
=0.839; p<0.001) and SO (Adj R
2
=0.997; p<0.001).  The relationship was still significant in 
August, however, the R
2
 was lower at both locations, and in October there was no significant 
relationship between the two pigments at SO (DO data from October were not analyzed due to 
low sample size).  
Of the other pigments present in sediment samples, only the cyanobacterial marker 
pigment zeaxanthin was consistently present, with all others in low concentrations or below 
detection limits.  Zeaxanthin was present in highest concentrations in DO and SO samples during 
August, but was less than 1.5 mg m
-2
 on average in April and October.  Zeaxanthin:Chl a ratio 
was usually <0.1 (Figure 3-2; Table 3-6).  Zeaxanthin was significantly higher in August 
compared to April and October (two-way-ANOVA; p<0.001).  There were significant positive 
relationships between Chl a and zeaxanthin at DO and SO in August (Adj R
2
 =0.725; p<0.001 
and Adj R
2
 =0.527; p=0.011, respectively) and at SO in October (Adj R
2
 =0.568; p=0.012) only.  
Peridinin, a pigment marker for dinoflagellates, although seasonally abundant in the water-
column (N.N. Rabalais, personal communication) was not detected in sediment samples at any 
location (Table 3-6).   
Pennate forms made up a greater percentage of sediment diatoms on shoals compared to 
off-shoal (Table 3-7; Figure 3-3).  At SS, pennate diatoms constituted > 80% of total diatoms in 
the sediment microalgae in August and > 90 % in April and October.  Results of the two-way-
ANOVA indicated that there were significantly higher percentages of pennate diatoms at SS 
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than TT, SO, and DO (Holm-Sidak; p<0.001 for all).  The range in PD% on TT (50% to 84%) 
was greater than SS (80 to 98%; Table 3-7).  The PD% in TT sediments was significantly higher 
than at DO (Holm-Sidak; p<0.001) and SO (Holm-Sidak; p=0.001), where the mean percentage 
ranged from 16 to 56 %.  Although the mean PD% was higher on DO than SO in April and 
October, the two locations were not significantly different overall.  The PD% was less in August 
than in April (Holm-Sidak; p=0.007).  The difference in the PD% between April and August was 
greatest for TT and DO (Figure 3-3).  Most pennate diatoms were tentatively identified as 
members of the genera Nitzschia, Navicula and Amphora.  Diploneis and Pleurosigma were also 
present but less abundant.  The most common phytoplankton were tentatively identified as 
Coscinodiscus spp and resting spores of Ditylum brightwelli.  The former are commonly found in 
low-oxygen bottom water of the Louisiana shelf (N.N. Rabalais, personal communication), 
although Coscinodiscus spp. was also found in sediments without hypoxic near-bottom waters. 
Table 3-7.  Percent of diatoms that were pennate (PD%) in sediment algal samples collected 
from Ship Shoal (SS), Tiger Shoal and Trinity Shoal (TT) and shallow off-shoal (SO) stations 
and deep off-shoal (DO) stations adjacent to the shoals during April, August and October of 
2007.  Percents are the mean ±SD for a location and samples size in parentheses.  
 
 PD% 
 April August October 
SS 93.0±3.8 (6) 80.1±21.7 (5) 98.9±0.4 (3) 
TT 84.2±14.4 (8) 49.8±26.7 (5) 63.2±18.7 (4) 
SO 16.7±7.2 (3) 28.2±17.2 (4) 28.8±25.9 (2) 
DO 56.2±33.6 (4) 21.7±25.1 (5) 49.8±17.0 (3) 
 
DISCUSSION 
I used photosynthetic pigment analysis and microscopic examination of sediment microalgae to 
investigate how the biomass, composition and degradation state of sediment-associated 
microalgae varies along the inner shelf at locations with contrasting water-column and sediment 
characteristics. I found no differences in sediment Chl a concentrations, but the low 
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Figure 3-3.  Sediment microalgae collected from GOM sediments during 2007.   Pennate diatoms 
from SS in April (A) and mixed pennate/centric diatoms from DO in April (B).  Centric 
dominated sediments from SO (C) and TT (D) in August.  Centric dominated sediments from 
DO in August (E).  Centric dominated sediments from DO in October (E) and pennate diatoms 
from SS (F) in October. 
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concentration of Tpheo and the high proportion of pennate diatoms indicated that BMA 
predominated in the shallow sandy sediments of SS and TT, while phytodetritus (evidenced by 
high Tpheo concentrations) predominated in off-shoal (SO and DO) sediments where there was a 
low proportion of pennate diatoms.  Differences in the composition of sediment microalgae and 
sediment pheopigment concentration may be explained (see below) by local variation in 
sediment light levels, sediment silt+clay content, and the biomass of phytoplankton in the water-
column  
Sediment Light Levels.  Average Ib at SS was significantly higher than the other study 
locations, measuring on average >15% of surface PAR during spring and between 3 and 10% in 
August and October.  These data suggest that the potential for BPP exists on SS throughout the 
year and agrees well with (Grippo et al., 2009) who found Ib on SS ranged from ~1% to 38% 
with the highest values in August and the lowest in October.  In contrast to SS, Ib was often < 1% 
at TT, SO and DO.  The 1% light level is the traditional compensation depth for microalgae and 
although BMA are shade adapted, these Ib data suggest a greater potential for light limitation on 
TT, SO, and DO compared to SS.  Also, our Ib measurements were collected in three months and 
in relatively fair weather conditions and consequently did not capture the decrease in sediment 
irradiance associated with storms and seasonal changes in sediment irradiance (Jahnke et al., 
2008).   
Published light data from my study area are rare.  Using Secchi disk data from a broad 
area of the Louisiana shelf, Quiñones-Rivera et al. (2007) estimated the depth of the photic zone 
to be less than water depth at most stations between 5 and 40 m.  However, for the same area, 
Chen et al. (2000) reported light profiles that indicated the photic zone exceeded water depth at 
inshore stations < 100 m during spring and summer.  These data and the recent finding of BMA 
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at < 0.03% of surface light intensity (McGhee et al., 2008) indicates that sediment light levels 
may be sufficient, but nevertheless limiting for BPP over much of the Louisiana inner shelf.  
Disparities in sediment irradiance were related to the high spatial variability in KPAR 
across the study area.  Light absorption in the study area was primarily influenced by colored 
dissolved organic matter (CDOM) and non-algal particulate (NAP) riverine inputs (Naik et al., 
submitted).  However, phytoplankton density/biomass in the water-column also affected light 
extinction.  For example, SO and TT, which had the highest surface water-column Chl a, also 
had significantly higher KPAR values and a significant relationship between surface water Chl a 
and KPAR was observed for the study area in August and October.  As result, Ib was significantly 
higher on SS compared to TT and SO although the water depths of the three locations were 
comparable.  Similarly, DO had significantly lower surface water Chl a and KPAR compared to 
SO and TT and consequently sediment irradiance was not significantly different among the three 
locations despite the greater depth of DO stations. 
Biomass and Degradation State of Sediment Microalgae.  Sediment Chl a concentration did 
not differ among the four locations.  Other studies conducted in the Louisiana continental shelf 
found the highest sediment Chl a at water depths of approximately 20 m (similar to DO) and an 
overall decrease in sediment Chl a in a seaward direction (Radziejewska et al., 1996; Turner and 
Rabalais, 1994; Wysocki et al., 2007).  However, direct comparisons are problematic because 
most of these studies used deep sediment cores or focused on the Mississippi Plume area which 
is topographically and hydrographically different from my study area.   
The sources of sediment Chl a also include live but inactive cells, which may persist for 
months in sediments following settlement from the spring bloom (Hansen and Josefson, 2001; 
Hansen and Josefson, 2003).  As discussed below, pennate diatoms (my proxy for BMA) were 
present at all stations, suggesting BPP also contributed to sediment Chl a.  In addition to live 
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cells, sediment Chl a may be present in pore water or associated with sediment particles or 
bound in decaying microalgal cells.  Several potential mechanisms of Chl a preservation have 
been reported specifically for the NCGOM.  For example, hypoxia at or below the sediment 
surface at muddy stations may slow the loss of sediment associated Chl a by decreasing 
oxidative pigment transformations and microalgal grazing by macroinvertebrates (Bianchi et al., 
2000).  Chen et al. (2005) also suggested that Chl a is preserved by burial in areas with high 
sedimentation rates although this rate is not known for my study area. However, the high 
frequency of cold fronts and tropical storms makes long term-accumulation of sediments in the 
study area unlikely.  Finally, the degradation of Chl a during digestion varies greatly with 
microalgal species, consumer species and consumer ingestion rate (Head and Harris, 1996; 
Hansen and Josefson, 2004), making fecal pellets from zooplankton and benthic consumers 
another potential source of sediment Chl a.  Within the study area, a fecal pellet may reach the 
sediment from the photic zone in <1 day (N.N. Rabalais, personal communication). 
Although, I did not detect a significant difference in sediment Chl a among the four 
station groupings, three lines of evidence indicated a greater amount of degraded, phytodetrital 
organic matter in muddy, off-shoal sediments compared to sandy shoals: 1) sediment Tpheo 
concentrations were significantly higher at the off-shoal stations, 2) there was a strong positive 
relationship between sediment Tpheo and sediment Chl a at SO and DO in April and October 
and 3) the Tpheo:Chl a ratio was >1 at SO and DO, which was significantly higher than on SS.  
These results suggest sediment type is a strong indicator of sediment microalgal degradation 
state.  Sediment C:N ratios also indicate more degraded organic matter at DO and SO.  However, 
the C:N ratio is a general descriptor of sediment organic matter, including terrestrial and marine 
derived sources and consequently it cannot be used to specifically assess the degradation state of 
sediment microalgae.   
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Few studies have compared pheopigment concentrations by sediment type in subtidal 
habitats.  Reiss et al. (2007) found lower Tpheo:Chl a ratios in sand compared to muddy 
sediments, while Boon et al. (1998) found no consistent differences in Tpheo:Chl a ratios among 
sediment types.  My findings are similar to prior studies of the Louisiana shelf that found 
microalgal carbon in muddy sediments is derived primarily from diatom phytodetritus as 
decaying cells and fecal pellets (Radziejewska, 1996; Chen et al., 2003; Rabalais, et al., 2002; 
Rabalais, et al., 2004; Wysocki et al., 2007), while sandy sediments contain relatively 
undegraded microalgae (Grippo et al., 2009).   
Microalgae are a high quality food for benthic consumers because they are rich in 
micronutrients, (including essential amino acids, poly-unsaturated fatty acids and vitamins) 
(Marsh et al., 1989).  Consequently, the availability of fresh, high quality microalgal carbon 
(BMA or recently settled phytoplankton) relative to more refractory phytodetritus (fecal pellets 
and decaying microalgal cells or aggregations) influences sediment food quality, which in turn 
may affect the growth, biomass, and food web structure of benthic invertebrates (Grèmare et al., 
1997; Boon et al., 1998; Wieking and Kroncke, 2005; Bessière et al., 2007; Aspetsberger et al., 
2007).    Recent studies of SS have found a highly diverse community of macroinfauna typified 
by species with large individual biomass (Dubois et al., 2009).   Comparative studies in 
surrounding off-shore areas are ongoing (Gelpi, personal communication) but suggest that a low 
diversity community of smaller macroinfauna typifies fine sediments (Baustian cite).  
Differences in food quality may contribute to the observed differences in benthic communities in 
the inner shelf. 
Origin and Composition of Sediment Microalgae.  Fucoxanthin data indicated that the 
sediment microalgal community was dominated by diatoms across the study area.  Fucoxanthin 
is diagnostic for diatoms (Jeffrey and Vesk, 1997) but occurs in other microalgal groups.  
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However, the presence of other pigments indicative of diatoms, including the photoprotective 
pigments diadinoxanthin and diatoxanthin, and the low concentration of accessory pigments 
indicative of other microalgal groups suggests the fucoxanthin was principally derived from 
diatoms.  Although diatoms consistently dominated the sediment microalgae, both microscopic 
examination of sediment diatoms and related pigment data suggest that the origin of the sediment 
diatoms (i.e. from BMA or settled phytoplankton) differed across the study area depending on 
water-column and sediment characteristics.   
Phytoplankton biomass in the water-column appeared to be a primary influence on 
diatom composition in the sediment.  For example, WCI Chl a was significantly higher on TT 
compared to SS, reflecting the high nearshore phytoplankton production (Walker and Rabalais, 
2006; Chen et al., 2000).  Thus, the significantly higher percentage of centric diatoms and higher 
Tpheo:Chl a ratios at TT compared to SS may have been due to a greater flux of phytodetritus to 
the seafloor at TT.  Higher water-column phytoplankton biomass may also have also decreased 
sediment irradiance at TT, thereby contributing to the difference in PD% at the two shoals.   
Another primary indicator of the composition of sediment microalgae was sediment type.  
Microscopic analysis of the diatom community indicated that SS and TT, where sediments were 
primarily fine sands, had a significantly higher % pennate diatoms (my proxy for BMA) than at 
the muddier off-shoal stations.  Pigment data supported the results of the microscopic analysis.  
At SS and TT I found a strong positive relationship between sediment Chl a and fucoxanthin 
(R
2
> 0.88) at SS and TT which is typical of sandy sediments dominated by benthic diatoms 
(Grippo et al., 2009).  Sediment fucoxanthin:Chl a ratios were significantly higher on-shoal 
compared to off-shoal, potentially indicating a greater contribution of BMA, which have elevated 
fucoxanthin:Chl a ratios as an adaptation to the low light levels (McGhee et al., 2008; Table 3-
5).  In addition, as mentioned above, pheopigment data indicate primarily non-degraded 
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microalgal carbon in shoal sediments, especially SS.  Finally, during the August peak in water-
column zeaxanthin there was a significant positive relationship between zeaxanthin and Chl a at 
DO and SO only, suggesting fine sediments had a greater settled phytoplankton component. 
Thus, my findings suggest that BMA predominate the sediment microalgae on sandy shoals 
(Grippo et al., 2009), while settled phytoplankton are the primary microalgal constituent in 
muddier off-shoal sediments.   
Contrary to my findings that the relative abundance of BMA (as measured by PD%) was 
greater at sandy shoal sites, several studies have found higher BMA biomass and productivity in 
fine compared to sandy subtidal sediments (Sundbäck and Jönsson, 1988; Underwood and 
Kromkamp, 1999; Facca and Sfriso, 2007).  One potential explanation is that benthic production 
in the NCGOM is influenced by substrate composition, such that sediment light penetration 
increases with increasing grain size (Kuhl et al., 1994), facilitating primary productivity below 
the sediment surface (Billerbeck et al., 2007).  Similarly, sandy sediments may be conducive to 
BPP because they lack a nepheloid layer of light-attenuating fine sediments.  Also, several 
studies have shown that settled phytoplankton may be rapidly decomposed and vertically 
advected in sandy sediments via sediment-bottom water interactions (Huttlel and Rusch, 2000; 
Ehrenauss et al., 2004; Janke et al., 2005), with the rates of both processes increasing with 
increasing grain size (Huttel and Rusch, 2000; Franco et al., 2008).  Although these studies 
focused on medium to coarse sands rather than the very fine to fine sands typical of shoals in my 
study area, they do suggest that phytodetritus is more likely to accumulate on the surface of 
muddy sediments than on sandy shoals (Billerbeck et al., 2007).  There is also a complex 
interaction between sediment type and nutrient availability which may affect BMA productivity.  
Nutrient addition studies suggest BMA are nutrient limited in sand but not in mud perhaps 
because the higher organic matter in the latter allows greater microbial mineralization, increasing 
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nutrient availability to microalgae (Underwood and Kromkamp, 1999).  On the other hand, the 
high permeability of sand allows more rapid flux of water-column nutrients into pore water 
which may relieve solute limitation (Cook and Roy, 2006; Billerbeck et al., 2007).  Finally, the 
difference in PD% may be explained by local hydrodynamics including the stronger bottom 
currents found on higher relief sandy shoals (Kobashi, 2009), which may remove phytodetritus 
especially during storms (Wieking and Kroncke, 2005), as well as the dissipative effects of 
muddy, cohesive sediments on bottom currents (Sheremet et al., 2005 and references therein) 
that could promote the deposition and accumulation of phytodetritus.  Overall, my results 
support Cahoon et al. (1999) who found that sediment type explains much of the variability in 
the distribution of BMA, but the relationship is often obscured by the multiple additional 
variables regulating BPP, including depth, hydrodynamic forcings, and the optical properties of 
the overlying water-column.  
Implications for the NCGOM.  I found differences in microalgal composition and degradation 
not only between shoal and off-shoal locations but also between the two shoals, with SS having a 
significantly higher PD% and Chl a:Tpheo ratio compared to TT.  These differences appeared to 
be due to the significantly higher WCI Chl a and possibly the higher % silt+clay on TT.  Most 
inner shelf sediments contain sand, but there is comparatively little clean, low silt (<5%), sandy 
sediment like that found on SS (Penland et al., 1986; Gordon et al., 2001) indicating the 
microalgal community at  SS may be unique in the NCGOM.  At minimum it suggests that 
although BMA is most abundant in shallow, sandy shoals in the NCGOM, the relatively pure 
BMA composition found in SS sediments cannot be generalized across all shoals in the 
NCGOM.   
Although this study indicated that a high biomass of BMA is present on sandy shoals, the 
shelf-wide significance of BPP is relatively unknown, and to my knowledge no direct BPP 
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measurements have been published.  The existence of BMA at muddy sediments (mean PD% up 
to 56%) raises the possibility that BPP occurs at some level over much of the study area.  
Furthermore, the low KPAR and the relatively high PD% at DO, suggest that light conditions 
favorable for BPP may increase further off-shore in clearer, mid-shelf waters.  Prior studies of 
the Louisiana continental shelf indicated that bottom water and fine sediments are net 
heterotrophic (Dortch et al., 1994; Morse and Rowe, 1999; Quiñones-Riviera et al., 2007) and a 
recent comprehensive, shelf-wide survey indicated that benthic primary production does not 
contribute substantially to the oxygen budget (Quiñones-Riviera et al. (2007).  Nonetheless, 
other oxygen budget models have suggested that BPP in the Louisiana shelf could be equivalent 
to 30% of water-column primary production (Bierman et al., 1994) and could re-supply 23% of 
daily O2 consumed by near-bottom respiration (Dortch et al., 1994).  However, the low Ib in 
turbid nearshore waters (<1%) suggests BPP may be light limited and hypoxia in the inner shelf 
could also inhibit BPP during the late spring and summer (Larson and Sundbäck, 2008).  Clearly, 
a better understanding of shelf oxygen dynamics would benefit from greater understanding of the 
role of BPP. 
Conclusions.  Sediments of the Louisiana inner continental shelf contain organic carbon derived 
from both terrestrial and marine phytoplankton sources (Eadie et al., 1994; Trefrey et al. 1994; 
Gordon and Goñi, 2003; Gordon and Goñi, 2004; Bianchi et al., 2007).  The results of this study 
indicate that BPP also contributes to the pool of sedimentary marine derived carbon particularly 
in sands.  I found a higher proportion of settled phytoplankton and phytodetritus in sediments 
where there was higher phytoplankton biomass in the overlying water.  My results also indicated 
that sediment type influenced the composition of sediment microalgae with a greater percentage 
of BMA in sandy shoal sediments compared to the more silty off-shoal locations.  These shoals 
can have unique physical characteristics and biological communities compared to surrounding 
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off-shoal habitats (Dubois et al., 2009).  However, they are also currently designated for sand 
mining even though sand extraction could alter ecological processes including BPP.  BMA 
contributed to sediment-associated microalgae off-shoal as well, although the percentage was 
more spatially and temporally variable.  Thus, BPP represents a locally abundant but relatively 
unstudied source of sediment microalgal carbon in the NCGOM that may be support benthic 
food webs (Chapter 4).  
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BASAL RESOURCES SUPPORTING BENTHIC FOOD WEBS ON THE LOUISIANA 












































The Louisiana continental shelf supports one of the most productive fisheries in the 
United States.  As in other river-dominated coastal systems, this high secondary productivity is 
attributable, in part, to the abundant allochthanous and autochthanous food resources available 
along the inner shelf.  Allochthonous resources include terrigenous organic matter delivered by 
rivers as well as some organic matter exported from the extensive coastal salt marshes along the 
Louisiana shoreline (Hedges and Parker, 1976; Dagg et al., 2007; Turner et al. 2007).  In the 
non-vegetated continental shelf, autochonthous marine primary production may occur in the 
water-column and the sediment as phytoplankton and benthic microalgae (BMA), respectively, 
and both may serve as food sources for the benthic macroinfaunal communities that support 
commercially important nekton.  Several studies have demonstrated the substantial contribution 
of phytoplankton-derived carbon to shelf sediments (Eddie et al., 1994; Mayer et al., 2007; 
Morata et al., 2008).  Phytoplankton may be deposited on the seafloor as fresh, recently settled 
live cells or more refractory highly decayed cells or as fecal pellets.  The transport of 
phytoplankton to the seafloor varies seasonally, with the greatest export during periods of peak 
water-column productivity (Redalje et al., 1994; Rabalais et al., 2002).  These strong seasonal 
changes in the vertical flux of phytoplankton may invoke changes in the structure and function of 
macroinfaunal communities (Graf, 1992; Boon et al., 1998; Weissburger et al., 2008).   
As a nutritious, high quality food source (Mann, 1988; Tenore, 1988; Bianchi and Rice, 
1988), BMA are another potential contributor to benthic food webs.  Several studies have 
confirmed the importance of BMA in estuarine food webs (Sullivan and Moncreiff, 1990; Currin 
et al., 1995; Maddi 2003; Galván et al., 2008).  On the continental shelf, benthic microalgae 
(BMA) are found in waters as deep as 191 m (McGee et al., 2008) and may rival or exceed 
phytoplankton biomass and production (Cahoon and Cooke, 1992; Nelson et al., 1999; Jahnke et 
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al., 2000).  Similarly, high BMA biomass has also been found on the Louisiana shelf, particularly 
in sandy sediments (Grippo et al., 2009).  Although BMA have been suggested to contribute to 
nekton production on the continental shelf (Mallin, 1992; Mallin et al., 2005), most studies of 
shelf food webs have only distinguished between benthic and pelagic trophic pathways (Jennings 
et al., 1997; Davenport and Bax, 2002; Sherwood and Rose, 2005), and few have specifically 
investigated the relative trophic roles of BMA and settled phytoplankton (but see Thomas and 
Cahoon, 1993; Wells et al., 2008)   
Recent work has demonstrated variation in the quality and quantity of sediment 
associated algae at locations with differing sediment type, with relatively degraded phytodetritus 
present in fine sediments and higher quality BMA associated with sandy sediment, shallow 
enough to be in the photic zone (Graf, 1992; Kröncke et al., 2004).   Similar results have been 
found on the Louisiana inner shelf (Grippo et al., 2009; Chapter 3), raising the possibility that the 
relative importance of the marine primary producers (i.e. phytoplankton and BMA) supporting 
benthic food webs varies spatially along the inner shelf.  This heterogeneity is especially relevant 
for physically complex deltaic environments like the Louisiana continental shelf where sediment 
conditions range from muds to sands, and where gradients in water-column productivity results 
in variable inputs of phytoplankton to the benthos (Chapter 3).   
The overall goal of this study was to investigate the relative contributions of 
phytoplankton and BMA in supporting the benthic food web on the Louisiana inner continental 
shelf.  Specifically, I used stable isotopes to examine whether the relative importance of 
phytoplankton and BMA to benthic and nektonic consumers varied spatially and temporally 
reflecting changes in the relative quantity of these two sources in the sediment algal pool.   
Stable isotopes are uniquely suited to address spatial variability in food resources, 
because the isotopic composition of consumers reflects their diet.  Stable isotopes have been 
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used to reconstruct food webs in continental shelf systems (Fry, 1983; Darnaude et al., 2004; 
Sherwood and Rose, 2005) and have an advantage over gut content analysis because stable 
isotopes integrate an organism’s diet over time and they reflect the portion of the food resource 
that is actually assimilated.  Consumer δ
13
C is similar to the δ
13
C value of its food source.  Stable 
isotopes can be used to distinguish food webs based on benthic and phytoplanktonic production 
because BMA typically have higher δ
13
C compared to phytoplankton (Thomas and Cahoon, 
1993; France, 1995 and references therein).  Therefore, if the basal resources (i.e. phytoplankton 
and BMA) supporting the benthic food-web differ, with spatial changes in sediment microalgal 
communities, it may be evident from the isotope values of consumer tissues. 
STUDY AREA AND METHODS 
Study Site.  The study area is a river dominated shelf system characterized by spatially and 
temporally variable sediment and water-column conditions.  The study area receives high inputs 
of sediment and nutrients from the Mississippi River and the Atchafalaya River which drain over 




 of fresh water to the GOM (Meade et al., 





 (Chen et al., 2000).  The riverine nutrient loads support high phytoplankton productivity in the 
winter and early spring when discharge from Southwest Pass and the Atchafalaya River is 
highest (Rabalais et al., 2002).  Westerly currents create a band of high coastal productivity 
extending from mid-salinity waters near the Mississippi River westward along the inner shelf 
(Dagg and Whitledge, 1991; Chen et al., 2000; Walker and Rabalais, 2006).  This pattern may be 
altered during cold fronts and during the late summer when currents change to a more 
east/southeast direction (Ohlmann and Niiler, 2005; Walker and Rabalais, 2006).  Phytoplankton 
productivity generally decreases in a seaward direction.  The contribution to the inner shelf  of 
phytoplankton from mid-shelf waters extending to the continental margin is likely to be low due 
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to the wide seaward extent of the Louisiana shelf (up to 200 km) and the relative paucity of 
nutrients in the open gulf and upwelling slope waters (Dagg and Breed, 2003 and references 
therein; Chen et al., 2000).   
 Shelf sediments are dominated by silty sands and sandy silts, but low-silt fine sands are 
also present on high-relief shoals and in scoured areas near the Atchafalaya and Mississippi 
River outflows (Gordon et al., 2001; Bianchi et al., 2002).  Within sediment types, differences in 
sediment algal communities are present, with phytodetritus predominating in muddy sediments 
and BMA predominating in shallow, sandy sediments (Chapter 3).   
Additional potential food sources may derive from terrestrial organic matter delivered by 
the Mississippi and Atchafalaya rivers especially during high flow periods in winter and spring.  
Throughout the year, hurricanes, tropical storms, and cold fronts periodically resuspend and 
redistribute sediments along the shelf (Sampere et al., 2008; Liu et al. 2009).  In addition, cold 
fronts may produce fluid mud streams such as those originating from the Atchafalaya River 
system that flow to the west along the inner shelf or to the east depending on seasonal or frontal 
conditions (Gordon et al., 2001; Kobashi et al., 2007).   The high terrestrial organic matter inputs 
from the Mississippi and Atchafalaya Rivers appear to be hydrodynamically size sorted, with 
larger woody plant debris restricted to the inner shelf and the depositional track of the river 
(Bianchi et al., 2002; Corbett et al., 2004; Sampere et al., 2008), while fine soils derived from C4 
plants are transported to the mid and outer shelf (Goni et al., 1997).   
Recent research on Ship Shoal has revealed a high biomass (averaging 37.3 g m
-2
), and 
high diversity (161 species, including species common in sandy and fine sediments) of 
macrobenthos (Dubois et al., 2009), including species common in sandy and fine sediments.  
Polychaetes (45% - 72 species) and crustaceans (28% - 46 species) comprised most of the 
species; spionids and amphipods dominated the polychaete and crustacean groups respectively, 
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both in terms of number of species and abundances.  In the fine, silty sediments characteristic of 
off-shoal areas of the Louisana shelf, polychaetes dominate the benthic macroinfauna (Gaston, 
1985; Baustian and Rabalais, 2009).  Baustian and Rabalais (2009) extensively sampled the 
Louisana Shelf in August 2003 and found that the mean macroinfauna abundance ranged from 
~3500 to 7000 individuals m
-2
, with a mean species richness of ~19 species per station.  During 
August 2007, Dubois et al., (2009) found > 1,500 individuals m
-2
 and species richness of ~24 
species per station on Ship Shoal.  The off-shoal macroinfauna off-shoal was composed mostly 
of polychaetes, but molluscs, echinoderms and crustaceans were also abundant in most areas 
(Baustian and Rabalais, 2009).  The macroinfauna assemblage was dominated by surface deposit 
feeders, with sub-surface deposit feeders and suspension feeders being comparatively less 
common.  
To compare basal resources supporting benthic food webs on and off-shoal, I collected biological 
samples from a gradient of sediment types (Figure 4-1).  The three sandy shoals sampled were 
Ship Shoal (SS) and Tiger Shoal and Trinity Shoal (TTS).  Ship Shoal is a large (50 km long and 
1 to 12 km in width) shallow relict barrier island oriented parallel to the shoreline approximately 
25 km off the coast of the Isles Dernieres, Louisiana (centered at Latitude 28° 54.7’ N and 
Longitude 90°` 54.6`W).  TTS is approximately 100 km northwest of Ship Shoal.  Tiger Shoal 
(centered at Latitude 29º23.6 N, Longitude 92º04.181 W) extends from land to approximately 35 
km seaward.  Just south of Tiger Shoal is Trinity Shoal (centered at Latitude 29º12.5 N, 
Longitude 92º10.8 W) which is 30 km in length and 5 to 10 km in width.  SS and TTS were 
shallow (4 to 10 m) with sediments composed of fine to very fine sand and organic matter 
content less than 1% (Table 4-1; Gordon et al., 2001).  I also sampled consumers and their 
potential food sources at off-shoal locations (OS) located adjacent to SS and TTS.  Individual 
sampling locations are shown in Figure 4-1.  The OS areas were variable, ranging from muddy 
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sands to muds with a sand content less than 40% (Table 4-1).  Depths at OS had a greater range 
(5 to 20 m).  All samples were collected from SS, TTS and OS during April, August and October 
of 2007 and from SS and adjacent off-shoal areas in January of 2008.  Sediment C:N was 






















Figure 4-1.  Approximate location of individual sampling stations comprising the Ship Shoal 
(SS; closed circles), Tiger and Trinity Shoals (TTS; squares), and off-shoal (OS; diamonds) 





Table 4-1.  Summary of depth and sediment characteristics (mean and range±SD for April, 










Location Silt+clay (%) Grain size (µm) 
Sediment 
C:N Depth (m) 
OS 52.1 (3.7-92.5) 77 (58-122) 8.6 ±1.9 11.2 (5.0-20.0) 
SS 0.8 (0.2-2.9) 165(133-284) 6.5±0.9 6.7 (4.0-9.7) 
TTS 6.6 (1.6-13.4) 116 (87-142) 7.2 ±1.2 5.5 (3.0-7.0) 
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Field Collections.  Depth, temperature, salinity, and dissolved oxygen (D.O.) were continuously 
profiled during vertical deployments using a Seabird CTD system.   Replicate sediment and 
water-column samples were taken at SS, TTS, and OS for algal pigment analysis and the 
percentage of pennate diatoms (as a % of total diatoms-PD%).  Samples were collected and 
analyzed as described in Chapter 3. The PD% could not be calculated for OS in January 2008 
because of the low number of diatoms present in sediment samples. 
To compare benthic food webs at the three locations I collected primary producers 




N) from at 
least four sites on SS, TTS and OS.  Sediment sources were collected by scraping the top 2 cm of 
a GOMEX box core.  Water-column particulate organic matter (WPOM) was collected with a 
towed 60 μm mesh plankton net and separated into two fractions by passing the sample through a 
250 μm sieve which removed large zooplankton.  The WPOM fraction < 250 µm was used as a 
proxy for phytoplankton.  The > 250 µm fraction was used only in cases (6.5% of samples) were 
the dry weight of the phytoplankton fraction was inadequate for isotope analysis.  Macroinfauna 
were collected by GOMEX box core and separated from the sediment using a 250 µm sieve.   
Thirty-minute otter trawls were used to collect nekton.  All biological samples were immediately 
frozen and returned to LSU for isotope analysis as described below.    
Isotope Analysis.  WPOM samples (two replicates per station) were thawed, examined for 
content under an inverted microscope (400X magnification) and filtered on pre-ashed Whatman 
GF/F filters (nominal pore size 0.7 µm).  The filters were then dried at 60ºC, acidified to remove 
carbonates using fumes from concentrated HCL, and then re-dried.  Acidification has been found 
to alter or increase the variability of δ
15
NWPOM, although the evidence is equivocal (Kennedy et 
al., 2005; Carabel et al., 2006; Soreide et al., 2006; Ng et al., 2007).  I analyzed acidified and 
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unacidified WPOM samples and found no significant difference in δ
15
N for acidified and 
unacidified samples (p = 0.102; Signed rank test). 
Sediment was oven dried, acidified using 1 N HCL to remove carbonates, and then re-
dried.  To extract BMA for isotope analysis, separate sediment samples (two replicates per 
station) were wet sieved through a 63 µm sieve to remove meiofauna and microalgae were 
extracted by centrifugation in a silica density gradient.  The extract was then syringe filtered 
through a pre-ashed Whatman GF/F (nominal pore size 0.7 µm) and oven dried at 60ºC.   For SS 
and TTS in April, this method resulted in relatively pure BMA samples.  However, for muddy 
sediments and TTS sediments after April, particulate matter as well as BMA and settled 
phytoplankton were present.  This increased the variability of BMA isotope values and did not 
accurately reflect the BMA isotope end member.  To select samples most representative of 
BMA, I used microscopic inspection and sample C:N ratio, using only those samples with 
relatively pure pennate diatoms composition (> 90% pennate diatoms) and with a C:N similar to 





NBMA isotope values for the entire study area.  Typically, relatively pure BMA 
samples were only obtainable from sandy sediments on Ship Shoal.  However, the δ
13
CBMA 
values I obtained (-19 to -13‰) were similar to those found for other coastal locations (Kang et 
al., 2003; Kharlamenko et al., 2008), suggesting the BMA values were representative of BMA 
throughout the study area.                                           
For each sampling date, macroinfauna and nekton were thawed, identified to the lowest 




C.  After dissecting out the gut, 
macroinfauna samples were analyzed whole except in species where significant shell material 
was present (i.e. mollusks and crustaceans).  In these cases, soft tissue was removed from the 
shell or exoskeleton for isotope analysis or the entire organism was acidified for species in which 
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soft tissue could not be removed.  For fish, white muscle tissue from the tail was used for 
analysis.  Replicate isotope samples of individual fish and invertebrates were prepared when 
possible.  Invertebrates too small to be analyzed individually were pooled to obtain an adequate 
sample weight (~1 mg).  All tissue samples were rinsed with distilled water, dried at 60ºC, and 
ground to a fine powder before being placed in tin capsules for isotope analysis.   
Isotope analysis was performed by the University of California Davis Stable Isotope 
Facility.  Isotope values were determined using a PDZ Europa ANCA-GSL elemental analyzer 
interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK).  




N isotopes using a PDZ Europa ANCA-GSL elemental 
analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., 




C values were calculated using the formula: 
 X = [(RSAMPLE/RSTANDARD)-1]*1000,  




C, and R is the ratio of the heavy isotope to the light isotope for the sample 
or standard.  For standards, I used Vienna Pee Dee Belemnite for carbon and atmospheric N2 for 
nitrogen. 
Data Analysis.  I used multiple approaches to examine whether there was variation in the 
primary producers supporting the benthic food webs in the study area.  For the first approach, I 
examined whether there were significant differences in the isotope values of individual species 
of macroinfauna and nekton among the three sampling locations at the species, trophic guild and 
community level.  Individual macroinfauna and nekton species were rarely present in all season 
and location combinations.  Therefore, individual species isotope values were compared among 





C values of macroinfauna trophic guilds among locations (SS, TTS, OS) 
and months (April, August, October and January) I used a two-way ANOVA.  Only significant 
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interaction terms are reported.  If the overall factor effect was significant, pairwise location 
comparisons were performed using the Holm-Sidak test, which is a step-wise multiple 
comparison test that controls for the family-wise error rate and is recommended for unbalanced 
ANOVA (Glantz, 2002).  Macroinfauna were assigned to trophic guilds using Fauchald and 
Jumars (1979) for polychaetes, Yonge and Thompson (1976) for mollusks and Pechenik (2005) 
for other taxonomic groups.   Finally, I used a two sample Kolmogorov–Smirnov test to test the 
null hypothesis that the empirical distribution of isotope values of the entire community was 
identical at all three sites. Data were transformed when necessary to approximate normality and 
equal variance.   
 For the second approach, I attempted to relate spatial and temporal changes in consumer 
δ
13
C to changes in primary producer δ
13
C and to the relative abundance of BMA and 
phytoplankton in the sediment.  I used linear regression to test whether the percentage of pennate 
diatoms in the sediment (as a percent of total diatoms; PD%) was a significant predictor of 
consumer δ
13
C.  Individual infauna species were not tested due to low sample size.  Instead, 
macroinfauna were grouped by trophic guild and each guild was regressed separately.  .   
 Third, I used the Isoerror mixing model (Phillips and Gregg, 2001) to compare the 
relative contribution of BMA and phytoplankton to the diets of benthic consumers at SS, TTS 
and OS.  Mixing models require consumer isotope values be corrected for trophic fractionation.  
The fractionation of 
15
N with trophic level is usually assumed to be 3 to 4 ‰.  However, several 
studies have demonstrated how this mean varies with organism and diet (reviewed in Vanderklift 
and Ponsard, 2003; McCutchan et al., 2003).  Consumer δ
13
C displays lower trophic enrichment 
than 
15
N and typically shows greater variation among primary producers.  Consequently, δ
13
C is 
often more useful than δ
15
N in determining the basal resources that support the food web.  This 










NBMA.  With 
such a small difference in δ
15
N, there is a greater chance for error in the mixing model results 
due to over or under estimation of the fractionation factor.  Therefore, to minimize the 
assumptions about fractionation, I used 
13
C only in a two-source mixing model to estimate the 
dietary contribution of BMA and phytoplankton to macroinfauna diets.  
 Isoerror is a linear mixing model that incorporates the variance in the food source and 
consumer isotope values.  In coastal systems, consumer δ
13
C trophic enrichment is typically from 
0.8 and 1.1 for coastal and open-ocean consumers, respectively (Fry and Sherr, 1984; France and 
Peters, 1997).   However, laboratory studies of coastal invertebrates have found highly variable 
δ
13
C trophic fractionation with both positive and negative enrichment possible (Yokayama, et al., 
2005 and references therein; Aberle and Malzahn, 2007).  In this study, I found no significant 
difference in the δ
13
C of the WPOM fraction >250 µm (consisting mostly of zooplankton) and 
the fraction <250µm (mostly phytoplankton; p=0.127; paired t-test) suggesting that δ
13
C 
fractionation was minor.  I also assessed the need for a 
13
C trophic level correction by comparing 
the δ
13
C values of deposit feeders (primary consumers) and predators with the notion that 
predators should have a higher δ
13
C if trophic enrichment is present.  I found a consistent mean 
difference of 0.25 ‰ but the differences were not significant in any month.  Consequently I 
applied no correction factor for trophic enrichment for δ
13
C.  Because Isoerror is a linear mixing 
model, it will yields dietary contributions >100% or <0% if the consumer δ
13
C value lies outside 
the range of primary producer δ
13
C values. 
Mixing models generally use the isotope values of the primary producers (i.e. food 
sources) as end members.  However, one can also use primary consumers that are known to feed 
on a particular primary producer.   For example, barnacles or attached bivalves may be used as 
proxies for phytoplankton.  The primary consumer isotope values are often less variable than 
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primary producers and this approach provides fractionation (if present) corrected values for use 
in the mixing model.  I used both approaches in this study.  I chose the most enriched individuals 
(3-4 species) from SS (where BMA biomass was highest) as my proxy for BMA feeding 
consumers and the most depleted off-shoal (where BMA biomass was lowest) individuals (3-4 
species) as the proxy for phytoplankton feeders.  In August, the mean δ
13
C of individual 
specimens of Leitoscoloplos fragilis, Haustoriidae, Albunea paretii, Thalenessa spinosa (-
14.6±0.3) were used as the proxy for the δ
13
CBMA end members), while Magelona spp, 
Branchiostoma floridae, bivalves, Onuphis emerita were used as δ
13
CWPOM end members (-
19.4±0.3).  In October, individual specimens of O. emerita, Aglaophamus circinata, T. spinosa 
were used as the proxy for δ
13
CBMA end members (-15.1±0.5), while bivalves, Asychis elongata, 
T. spinosa, Diopatra cuprea were used as the δ
13
CWPOM end members (-20.4±0.2).   
There is some evidence that the high δ
13
C observed in benthic compared to pelagic 
invertebrates is at least in part a natural phenomenon and not due to consumption of BMA 
(Nadon and Himmelman, 2006). Therefore, I also estimated the BMA dietary contribution to SS 
macroinfauna using a conservative mixing model that assumed a 0% BMA contribution for all 
macroinfauna collected from OS stations.  By using the OS macroinfauna as the most δ
13
C 
depleted end member (i.e. 0% BMA contribution), this method controls for any benthic 
enrichment not related to differences in diet among the three study locations.    
RESULTS 
Potential Food Sources.  Pennate forms made up a signficantly lower percentage of sediment 
diatoms at OS compared to SS (two-way-ANOVA; Holm-Sidak p<0.0001) and TTS (p=0.003).  
However, while pennate diatoms consistently predominated in SS sediments, at TTS there was 
higher variance within and among sampling dates (Table 4-2).  The PD% at the OS stations was 
highly variable with some sediments dominated by pennate diatoms and others by centric 
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diatoms.  The PD% was significantly higher in April compared to August (Holm-Sidak; 
p=0.005).  Water-column integrated Chl a (WCI Chl a) was significantly lower at SS compared 
to OS and TTS (two-way-ANOVA, p<0.005 for both), but there was no significant difference 
among months.  The interaction between month and location was not significant for WCI Chl a 
or PD%.  
Table 4-2.  Percentage of sediment diatoms that were pennate (PD%) and water-column 
integrated Chl a (WCI Chl a) at off-shoal (OS), Ship Shoal (SS) and Tiger/Trinity Shoal (TTS) 
based on microscopic examination.  Data are shown as mean±SD. 
 
 Month OS SS TTS 
 PD% 
April 45.1±33.9 (8) 93.0±3.8 (6) 83.9±15.7 (6) 
August 27.4±19.9 (10) 80.1±21.7 (5) 50.6±30.8 (4) 
October 41.7±23.6 (6) 98.5±0.8 (3) 62.8±22.9 (3) 
January No data 97.4 (4) No data 
 WCI Chl a (mg m
-2
) 
April 51.1±31.0 (8) 16.8±16.7 (6) 24.8±10.1 (6) 
August 34.4±14.3 (10) 14.2±4.8 (5) 31.9±5.6 (4) 
October 21.0±20.9 (6) 8.9±4.3 (3) 24.0±11.0 (3) 
January 24.7±2.7 (4) 17.2±2.9 (4) No data 
 




C ranged from 4.4±1.3 ‰ (OS) to 7.4±0.7‰ (SS) and from -
22.2±0.4‰ (OS) to -19.1±1.3‰ (SS), respectively (Table 4-3).  Location had a significant effect 
on sediment δ
15
N (two-way ANOVA; p=0.018), with significantly higher values at TTS and SS 
compared to OS.  The location effect was also significant for sediment δ
13
C (two-way-ANOVA; 
p= 0.001).  Sediment from SS was significantly more enriched than all other locations (Holm-
Sidak; p<0.001 for all comparisons) and samples from TTS were significantly higher than OS 
(Holm-Sidak; p=0.002).  Sediment δ
13
C values were significantly higher in April compared to 
August (Holm-Sidak; p=0.013).  The interaction between month and location was not significant. 





N, respectively (Table 4-4).  Most of the lower salinity samples were collected north of Ship  
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C values for sediment collected at off-shoal (OS), Ship Shoal (SS) and Tiger/Trinity Shoal (TTS) 






Location April August October January April August October January 
Sediment 
(Bulk)   
      
SS -20.5±0.7 -19.1±1.3 -20.0±0.9 -21.4±0.5 4.6±2.5 6.6±0.9 7.4±0.7 6.0±0.6 
TTS -21.5±0.7 -21.0±0.8 -21.2±0.7 -- 5.7±1.7 6.3±0.5 5.8±0.5 -- 
OS -22.2±0.4 -21.9±0.4 -21.8±0.6 -22.0±0.2 4.7±0.4 4.6±0.5 4.4±1.3 4.6±0.4 
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Shoal along the coastline.  Further results and discussion of δ
13
C enriched, low salinity 
phytoplankton found in April can be found in Appendix A.  In August, δ
13
CWPOM ranged from -
19‰ to -21.5‰ across the study area.  WPOM δ
15
N in August (9.3±1.3) was significantly higher 
than in April one-way-ANOVA; p<0.0001), but did not change from August to October.  In 
October, significant spatial differences were again found, with δ
13
CWPOM significantly lower in 
the vicinity of TTS (-22.3‰) compared to SS (-19‰; t-test; p<0.001).  In January, δ
13
CWPOM was 
again spatially uniform at -21.8‰, but had a lower δ
15
N (6.4‰) than in October. There was 
significant variation in δ
13
CBMA over the year as well (one-way-ANOVA; p= 0.012) with 
significantly lower values found in April (-18.9±0.1‰) and January (-20.8±1.9‰) compared to 
August (-16.3±1.0‰) and October (-15.4±2.2‰).  The δ
15
NBMA ranged between 6 and 7 ‰ 
throughout the year with no significant differences between months.   
 




C values for BMA and WPOM collected at off-shoal (OS), 
Ship Shoal (SS) and Tiger/Trinity Shoal (TTS) during April, August and October 2007.   
 




BMA 6.2±0.1 7.2±0.5 7.1±1.1 6.4±0.2 













BMA -18.9±1.0 -16.3±1.0 -15.4±2.2 -20.8±1.9 















a High salinity depleted WPOM 
b low salinity enriched WPOM  
c WPOM from the SS area  










N values except 
during April and January (Table 4-3 and 4-4).  In August, δ
13
CWPOM (-20.8±0.7‰)  
was significantly different from BMA (-16.3±1.0‰; t-test p=0.003).  In October, WPOM had a 
wide range of isotope values across the study area and significant differences in δ
13
C were found 
between BMA (-15.4±2.2‰) and WPOM from the TTS area; (-22.3±1.1‰; Kruskal-Wallis one 
way ANOVA on Ranks; p<0.01) but not the SS area (-18.9±0.2‰).  BMA δ
15
N was generally 
lower than δ
15
NWPOM during all months sampled, but significant differences were only found in 
August (t-test, p=0.003) and in October between BMA and WPOM from the SS area (Table 4-3 
and 4-4). 




N (Table 4-5).  
The demersal fish species sampled included Micropogonias undulatus, Citharichthys 
spilopterus, Arius felis, Prionotus spp and Cynoscion nothus which had the highest δ
15
N (12‰ to 
15‰).  A δ
13
C trophic enrichment was also likely present between macroinfauna and fish, with 
the latter almost always >-18.5‰.  Other common demersal nekton including Callinectes 
sapidus, Litopenaeus setiferus and Farfantepenaeus aztecus had δ
15
N values similar to non-
predatory macroinfauna (Table 4-6 to 4-9).  One-way-ANOVA indicated no consistent spatial 




N among the three sampling locations (SS, TTS, OS) in any 
month sampled.   
 Isotope values were obtained for 16 macroinfaunal taxa (Table 4-5).  Macroinfauna were 
analyzed at three levels of community organization—individual species, trophic guilds and as a 
whole community.  For several species of macroinfauna, differences in isotope values among the 
SS, TTS and OS were detected, although statistical tests were limited due to low sample size or 
infrequent species overlap among sites.  In April, consumer δ
13
C was generally highest at SS, 
and spatial differences were found for B. floridae (SS > OS; p < 0.001); Owenia fusiformis (OS >  
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Table 4-5.  Sample size for consumers used in isotope analysis.   All samples were collected on Ship Shoal (SS), Tiger/Trinity Shoal 
(TTS) and off-shoal areas (OS) during April, August, October and January (SS and OS).  Macroinfauna trophic guilds used in 
statistical analysis are provided.  SDF=Surface deposit feeder; SSDF=Sub-surface deposit feeder. 
 
    OS     SS     TTS  
Species Code Guild April Aug Oct Jan  April Aug Oct Jan  April Aug Oct 
   Polychaetes 
Aglaophamus 
circinata a cir Predator 0 5 0 0  0 0 5 0  0 1 0 
Asychis 
elongata a elon SDF 0 6 3 0  0 0 0 1  0 2 0 
Capitellid sp. cap SSDF 0 0 3 0  0 1 0 4  0 1 0 
Diopatra 
cuprea d cup Omnivore 10 5 9 8  4 1 6 3   3 3 
Unk. species gang unknown 0 1 0 0  0 0 0 0  2 5 0 
Leitoscoloplos 
fragilis l frag SSDF 0 1 0 0  1 4 0 0  0 0 0 
Lumbrineris 
spp. lumb Predator 4 4 3 0  0 0 0 0  2 3 2 
Magelona 
spp. maga SDF 1 7 1 4  2 3 0 1  0 2 0 
Neanthes 
micromma n mic Omnivore 1 1 1 1  1 4 1 2  0 1 3 
Nephtys spp. neph Predator 2 0 0 0  3 6 1 3  2 2 3 
Onuphis  
emerita o eme Omnivore 1 6 2 1  1 3 1 6  2 5 10 
Owenia 
fusiformis o fus SDF 6 0 1 2  0 0 0 1  3 5 5 
Thalenessa 
spinosa t spi Predator 0 2 1 1  3 4 1 2  3 5 0 
   Molluscs 
Bivalves biv SDF 13 13 6 2  4 3 0 1  2 2 1 
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Table 4-5 continued 
               
    OS     SS     TTS  
Species Code Guild April Aug Oct Jan  April Aug Oct Jan  April Aug Oct 
   Molluscs 
Nassarius 
acutus n acut Scavenger 1 6 11 1  2 6 4 4  2 4 4 
Olividae o alp Scavenger 3 0 0 0  0 0 0 0  1 0 0 
   Crustaceans 
Albunea 
paretti a parr 
Suspension 
feeder 0 2 0 0  7 5 0 0  6 3 0 
Haustoriidae acan SDF 0 0 0 0  4 4 0 0  2 2 0 
Farfantepena
eus aztecus BS Nekton 12 9 9 0  6 2 5 0  6 5 5 
Litopenaeus 
setiferus WS Nekton 36 9 16 5  8 1 5 6  13 6 5 
Callinectes 
spaidus BC Nekton 13 22 7 0  23 30 16 0  8 24 7 
   Cephalochordata 
Branchiostoma 
floridae b flor 
Suspension 
feeder 3 2 3 0  10 6 6 5  11 7 5 
   Sipunculid 
Phascolion 
strombi p str SSDF 4 5 10 3  0 3 0 3  3 10 9 
   Fish 
Anchoa sp. Anch Nekton 0 0 5 2  0 0 2 0  0 0 1 
Citharichthys 
spilopterus BW Nekton 0 2 0 0  4 0 0 0  0 3 0 
Micropogonias 
undulatus CR Nekton 28 11 17 4  14 5 5 8  15 6 5 
Paralichthyida FL Nekton 1 0 0 0  0 0 0 0  0 0 0 
Menticirrhus 
littoralis GK Nekton 0 0 0 0  1 0 0 0  4 0 0 
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Table 4-5 continued 
               
    OS     SS     TTS  
Species Code Guild April Aug Oct Jan  April Aug Oct Jan  April Aug Oct 
   Fish 
Arius felis HH Nekton 0 0 8 1  1 0 5 5  2 0 4 
Brevoortia 
patronus MEN Nekton 0 3 4 1  0 0 1 1  0 0 2 
Prionotus spp. SR Nekton 11 8 17 0  9  5 0  4 6 5 
Cynoscion 
nothus WT Nekton 27 6 4 0  1 1 4 0  12 4 1 
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C) values (mean±SD) for macroinfauna and nekton collected on off-shoal (OS), Ship Shoal (SS) and 
Tiger/Trinity Shoal (TTS) locations during April.  The p value is for global ANOVA.  Locations with different letters are significantly 









N (‰)    δ
13
C (‰)   
Sample OS SS TTS p OS SS TTS p 
 Macroinfauna 
A. paretii -- 11.9±1.3 12.2±0.3 n.s. -- -16.7±1.3 -17.6±0.8 n.s. 
Haustoriidae -- 8.5±1.1 9.6±0.7 n.t. -- -17.2±0.6 -17.7±0.2 n.t 







Bivalves 9.6±0.9 8.6±0.9 8.4±0.7 n.s. -18.3±0.7 -18.3±0.3 -18.6±0.2 n.s. 
D. cuprea 11.1±1.4 9.8±1.1 -- n.s. -18.7±0.3 -18.7±0.7 -- n.s. 
Unk. polychaete --  10.2±1.5 n.t -- -- -21.0±0.2 n.t 
L. fragilis -- 10.0 -- n.t -- -16.7 -- n.t 
Lumbrineris spp 13.5±1.1 -- 12.8±0.1 n.t -18.0±0.5 -- -19.0±1.0 n.t 
Magelona spp 11.5 9.7±0.3 -- n.t -19.5 -18.1±0.3  n.t 
N. acutus 13.4 12.4±0.3 11.9±0.3 n.t -19.0 -18.1±0.0 -19.4±1.0 n.t 
N. micromma 13.7 10.6 -- n.t -17.6 -16.8 -- n.t 
Nephtys spp. 13.5±0.0 12.1±0.6 12.6±0.6 n.t -18.5±0.5 -17.5±0.2 -19.8±0.1 n.t 
Olividae sp. 11.3±0.8 -- 11.0 n.t -18.8±0.4 -- -19.3 n.t 
O. emerita 10.9 10.4 9.9±2.6 n.t -19.6 -18.9 -20.0±0.1 n.t 





 0.001 -18.4±0.7 -- -18.5±0.3 n.s 
T. spinosa -- 12.1±0.4 12.6±1.6 n.s -- -16.7±0.5 -18.5±0.2 0.005 
Macroinfauna 
mean 10.7±1.8 10.2±1.5 10.8±1.6 
 
-18.5±0.6 -17.8±1.0 -19.0±1.0 
 
 Nekton 
Invertebrates         
F. aztecus 10.3±0.7a,b 9.5±0.8a 12.3±1.5b 0.003 -17.3±0.8 -19.0±1.2 -18.1±1.0 0.003 
L. setiferus 11.9±1.0 11.4±0.9 12.5±1.2 n.s -17.7±0.6 -17.7±0.6 -19.0±0.9 n.s 
C. sapidus 10.4±0.8 10.1±1.3 11.2±1.1 n.s -20.0±1.6 -20.8±1.7 -20.0±1.9 n.s 
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N (‰)    δ
13
C (‰)   
Sample OS SS TTS p OS SS TTS p 
 Nekton 
Fish         
A.  felis -- 14.1 14.2±0.4 n.t -- -16.7 -17.8±1.5 n.t 
Prionotus spp. 12.8±0.7 13.3±0.6 13.5±1.1 n.s -17.0±0.7 -17.3±0.4 -17.1±0.9 n.s 
C. nothus 14.2±1.7 15.0 14.1±0.2 n.s -17.9±1.3 -17.1 -17.0±0.2 n.s 
Nekton mean 12.8±1.7 12.5±1.6 13.5±1.5  -17.6±1.0 -17.6±1.1 -18.2±1.2  
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C) values (mean±SD) for macroinfauna and nekton collected at off-shoal (OS), Ship Shoal (SS) and 
Tiger/Trinity Shoal (TTS) during August.  The p value is for global ANOVA.  Locations with different letters are significantly 





N (‰)    δ
13
C (‰)   
Species OS SS TTS p OS SS TTS p 
Macroinfauna 
A. circinata 11.8±1.2 -- 13.2 n.t -17.2±0.5 -- -17.7 n.t 
A. elongata 10.9±0.6 -- 10.3±2.0 n.t -18.1±0.4 -- -18.8±0.4 n.t 
A. paretii 11.0±2.2 11.0±0.1 11.2±0.2 n.s -16.3±1.9 -15.4±0.7 -16.5±0.4 n.s 
Haustoriidae -- 9.1±0.7 10.2±0.0 n.t -- -15.1±0.5 -17.1±0.0 n.t 









Bivalvia 9.8±1.1 9.7±0.2 9.7±0.3 n.s -18.5±0.5 -17.0±0.2 -17.6±1.9 n.s 
Capitellidae -- 10.4 10.6 n.t -- -15.8 -20.4 n.t 





L. fragilis 10.4 10.4±0.3 -- n.t -18.2 -14.8±0.7 -- n.t 
Lumbrineris spp 12.0±1.6 -- 13.7±0.3 n.s -17.4±0.2 -- -18.2±0.2 0.013 
Magelona spp 10.6±0.8 9.9±0.9 10.9±0.5 n.s -18.9±0.3 -18.5±0.3 -19.2±0.0 n.s 
N. acutus 12.2±0.5 12.0±0.5 12.6±0.6 n.s -17.0±0.2 -16.6±0.5 -17.2±1.1 n.s 
N. micromma 13.1 11.6±0.5 11.7 n.t. -16.6 -16.5±0.8 -18.4 n.t. 
Nephtys sp. -- 11.9±0.4 12.7±0.3 n.t -- -16.1±0.4 -16.9±0.0 n.t 

































mean 10.8±1.2 10.6±1.0 11.2±1.3 
 
-18.2±0.9 -16.6±1.4 -18.8±1.2 
 
         










N (‰)     δ
13
C (‰)   
 OS SS TTS p OS SS TTS p 
 Nekton 
Invertebrates         
L. setiferus  11.4±1.2 10.6 11.9±0.8 n.s -19.0±1.8 -17.9 -19.5±1.3 n.s 
F. aztecus 11.0±2.0 8.2±0.4 11.3±2.3 n.s -21.0±2.1 -20.0±0.4 -20.7±1.4 n.s 
C. sapidus 10.8±1.6 10.9±1.2 12.2±1.1 n.s -19.0±2.2 -20.2±2.8 -19.9±2.9 n.s 
Fish         
B. patronus 12.8±0.7 -- -- n.t -18.5±1.5 -- -- n.t 
Prionotus spp. 13.5±0.4 -- 14.0±0.4 0.024 -16.7±0.4 -- -16.7±0.4 n.s 
C. spilopterus 14.2±0.7 -- 13.1±0.4 n.t -18.0±1.8 -- -18.1±0.4 n.t 







C. nothus 15.0±0.5 15.1 15.3±0.5 n.s -17.6±0.9 -16.4 -18.0±0.4 n.s 






















C) values (mean±SD) for macroinfauna and nekton collected at off-shoal (OS), Ship Shoal (SS) and 
Tiger/Trinity Shoal (TTS) during October.  The p value is for global ANOVA.  Locations with different letters are significantly 






























N (‰)    δ
13
C (‰)   
Species OS SS TTS p OS SS TTS p 
Macroinfauna 
A. circinata -- 9.9±0.2 -- n.t -- -15.5±0.8 -- n.t 
A. elongata 8.5±0.9 -- -- n.t -19.2±1.2 -- -- n.t 







Bivalvia 8.1±0.5 -- 7.9 n.t -19.0±1.0 ---- -19.5 n.t 







 0.011 -18.7±0.8 -17.7±1.0 -19.0±1.3 n.s. 
Lumbrineris  spp 11.7±0.7 -- 13.0±0.7 n.t -17.6±0.5 -- -19.0±0.3 n.t 
Magelona spp 9.3 -- --  n.t -19.1 -- --  n.t 
N. acutus 10.6±0.8 11.2±0.1 10.5±0.8 n.s -17.9±0.6a,b -17.2±0.1b -18.7±1.0
a
 0.013 
N. micromma 9.6 7.9 11.2±1.7 n.t -17.8 -18.2 -18.8±1.0 n.t 
Nephtys sp. -- 11.4 9.7±1.0 n.t -- -16.4 -19.0±0.4 n.t 
O. emerita 10.1±1.1 11.1 8.8±0.6 n.t -18.8±1.1 -15.9 -20.4±0.7 n.t 
O. fusiformis 7.9 -- 7.6±0.8 n.t -19.2 -- -20.9±0.6 n.t 
P. strombi 9.7±1.0 -- 9.4±0.7 n.s -18.2±0.6 -- -17.8±0.4 n.s 
T. spinosa 8.2 9.9 -- n.t -20.5 -14.7 -- n.t 
Mean 
macroinfauna 9.3±1.3 9.2±1.1 9.3±1.7 
 
-18.8±0.9 -17.1±1.5 -19.9±1.0 
 
         
Zooplankton 8.8±0.3 8.4±0.1 8.9±0.4  -20.1±1.6 -19.3±0.5 -23.4±2.1  
Nekton 
Invertebrates         
F. aztecus 8.1±1.3 8.9±1.9 9.7±2.7 n.s -19.0±1.1 -19.2±2.1 -20.8±1.5 n.s. 
L. setiferus 9.7±1.9 9.1±0.4 11.5±0.9 n.s -19.4±1.5 -18.3±0.8 -19.5±1.8 n.s 
C. sapidus 10.4±0.5 7.4±0.7 12.9±0.5 n.t -18.6±1.7 -20.0±0.9 -20.0±1.4 n.t 
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N (‰)    δ
13
C (‰)   
 OS SS TTS p OS SS TTS p 
 Nekton 
Fish         
A. felis 13.2±0.7 12.6±0.4 13.6±0.3 n.s -17.5±1.5 -17.0±0.8 -17.0±0.3 n.s 
B. patronus 11.9±0.7 12.1 12.5±0.6 n.t -18.2±1.1 -18.4 -19.6±2.4 n.t 
M. undulatus 12.3 ±0.9 12.3±0.3 12.9±0.4 n.s -17.1±1.2 -16.4±0.3 -17.0±0.4 n.s 
Anchoa spp. 12.4±0.4 12.0±0.8 11.9 n.t -16.9±0.4 -16.8±0.2 -17.2 n.t 
Prionotus spp. 11.7±0.5 12.0±0.3 11.9±0.2 n.s -16.5±0.3 -16.0±0.7 -16.7±0.1 n.s 




 -16.7 0.029 
Mean nekton 11.3±1.9 11.0±1.7 11.8±1.8  -17.8±1.5 -17.0±1.5 -18.3±1.9  
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C) values (mean±SD) for macroinfauna and nekton collected at 
off-shoal (OS), Ship Shoal (SS) and Tiger/Trinity Shoal (TTS) during January.  The p value is 
for global ANOVA.  Locations with different letters are significantly different (p>0.05) and n.s. 
signifys no significant differences were detected.  No test (n.t.) was performed if sample size was 




N (‰)  δ
13
C (‰)  
 OS SS p OS SS p 
  Macroinfauna   
A. elongata  -- 7.0 n.t -- -17.8 n.t 
B. floridae -- 7.1±0.3 n.t -- -18.1±0.3 n.t 
Bivalvia 8.2±1.4 5.9 n.t -17.9±0.0 -19.4 n.t 
Capitellidae -- 8.0±1.0 n.t  -15.7±1.7 n.t 
D. cuprea 10.2±0.6 8.8±1.6 n.s -18.0±0.5 -17.8±0.8 n.s 
Magelona spp 10.4±0.8 9.5 n.t -18.5±0.2 -17.4 n.t 
N. acutus 10.6 11.2±0.2 n.t -16.7 -15.8±0.1 n.t 
N. micromma 11.5 7.3±0.5 n.t -18.1 -17.7±0.3 n.t 
Nephtys sp. -- 9.7±0.4 n.t -- -16.3±0.6 n.t 
O. emerita 8.9 8.0±0.4 n.t -17.5 -18.4±0.2 n.t 
O. fusiformis 6.0±0.6 7.3 n.t -18.3±0.2 -17.2 n.t 
P. strombi 10.3±0.8 8.3±0.4 0.014 -17.6±0.2 -17.1±0.4 n.s 
T. spinosa 12.3 9.6±0.9 n.t -16.5 -15.1±1.2 n.t 
Mean 
macroinfauna 9.7±1.7 8.1±1.2  -18.0±0.6 -17.3±1.4  
       
Zooplankton 8.1±0.5 6.7 n.t -21.1±0.4 -24.1 n.t 
       
   Nekton    
Anchoa spp. 12.8±0.5 -- n.t -17.3±0.7 -- n.t 
B. patronus  11.9 12.4 n.t -19.2 -17.7 n.t 
M. undulatus  12.7±0.5 12.8±0.4 n.s -16.8±0.4 -16.0±0.3 0.003 
A.  felis  8.8 12.7±0.8 n.t -21.6 -17.1±0.8 n.t 
L. setiferus  9.2±0.9 9.1±0.7 n.s -17.8±0.7 -17.7±0.8 n.s 









TTS; p < 0.024), and T. spinosa (SS > TTS; p < 0.005).  Differences in δ
15
N were found for 
Phascolion strombi (OS > TTS; p < 0.001) only.   
In August, consumer δ
15
N was generally highest at TTS and lowest at SS, with 
significant differences between the two locations detected for B. floridae (Holm-Sidak; p<0.017), 
O. emerita (Holm-Sidak; p<0.019), and P. strombi (Holm-Sidak; p<0.003; Table 4-8).  
Macroinfauna δ
13
C values in August were usually highest in SS consumers and there were 
significant differences between SS macroinfauna and OS and/or TTS for 4 of the 8 species 
tested:  B. florida (SS>TTS; p<0.012), O. emerita (SS>TTS; p<0.014), and P. strombi (SS>TTS; 
p<0.012) and T. spinosa (SS>TTS and OS).  Also, D. cuprea and Lumbrineris spp. had 
significantly higher δ
13
C on OS compared to TTS (p<0.02 for both; Table 4-8).  In October, only 
three macroinfauna species could be tested due to low sample size, but of the three species that 
were tested, two displayed spatial differences in δ
13
C and the SS species were typically δ
13
C 
enriched compared to the other locations (Table 4-8).  δ
13
C values were significantly higher at 
SS compared to TTS for Nassarius acutus (p<0.013); and B. florida (Holm-Sidak; p<0.034).  
Significant differences in δ
15
N were found only for D. cuprea.  In January, only SS and 
surrounding off-shoal stations were sampled and few species comparisons could be made due to 
low sample size and the lack of species overlap among locations (Table 4-9).   
One-way-ANOVA indicated temporal changes in consumer isotopes as well, with 
macroinfauna δ
15
N values typically higher in April and August compared to October and January 
(Table 4-6 to 4-9).  On TTS N. acutus, O. emerita, and O. fusiformis, had significantly lower 
δ
15
N values in October compared to August (p<0.012 for all) or August and April (B. florida, P. 
strombi; p<0.001 for both).  Similar results were found on OS, with significant differences 
detected for A. elongates, and N. acutus (August >October; p<0.025 for both), as well as 
bivalves (April and August> October; p=0.03) and P. strombi (April>October and August, 
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p<0.012 for both).  On SS, B. florida, and N. acutus also had significantly higher δ
15
N in April 
and August compared to October (p<0.015 for both), but few species could be tested at SS due to 
the low number of species collected in October.  In January, only SS and OS were sampled.  I 
found δ
15
N values in January on SS were significantly lower than all other months for B. floridae 
(p<0.0001 for all months) and significantly lower than in April for Nephyts spp. (p=0.014), and 
lower than August for N. microma, O. emerita, P. strombi (p<0.046 for all) or both (N. acutus 
and T. spinosa; p<0.020 for all).   
Fewer monthly differences were detected for macroinfauna δ
13
C.  Overall, mean 
macroinfauna δ
13
C was lower in April compared to other months (Table 4-6 to 4-9).  
Significantly higher δ
13
C values were found in August compared to April for Nephtys spp. (TTS, 
SS; p<0.001 for both), bivalves (SS; p=0.002), N. actutus (SS; p=0.001) and haustoriid 
amphipods (SS; p=0.002), and August compared to October for N. acutus (SS, OS (p<0.05 for 
both), Nephtys spp. (TTS; p=0.001), and O. fusiformis (TTS; p=0.002).  The δ
13
C of D. cuprea 
(OS; p=0.003), N. acutus (SS; p<0.0001) and Nephtys spp. (SS; p=0.004) was significantly lower 
in April compared to January. 
  Among the macroinfauna were representative species from suspension feeding, 
predator, scavenger, and omnivore, surface deposit feeding guilds and sub-surface deposit 
feeding guilds Surface deposit feeders included bivalves, Haustorid amphipods, Magelona spp, 
and O. fusiformis.  Only one sub-surface deposit feeder, P. strombi, was available for analysis.  
Only two suspension feeders (Albunea paretti and B. floridae) were consistently sampled across 
most locations and dates.  The most common predators were T. spinosa, Lumbrineris spp and 
Nephtys spp. D. cuprea, Neanthes  micromma, and O. emerita were commonly collected 
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Figure 4-2.  Consumer δ
15
N (mean for all sampling dates±SD) by trophic guild and location.  
Guilds as follows:deposit feeder (DF), suspension feeder (SF), omnivore (Omn), predator 




N varied as a function of feeding guild with δ
15
N highest in fish and 
macroinvertebrate predators (Figure 4-2; Table 4-10 and 4-11).  At all months and locations 
predators and scavengers typically had δ
15
N values between 9.5‰ and 13‰, deposit feeders and 
suspension feeders were typically between 7‰ and 11‰, except for the mole crab, A. paretti, 
which had values similar to predators.  Omnivores varied widely in δ
15
N suggesting a diet of 
plant and animal matter (Table 4-10 and 4-11). 
Combining macroinfauna by trophic guild imcreased the power of statistical 
comparisons.  The two-way-ANOVA indicated spatial and temporal trends in δ
13
C were similar 
among feeding guilds.  Consumer δ
13
C was significantly higher at SS compared to TTS for all 
guilds (p<0.001 for all) and compared to OS for predators (p<0.001), omnivores (p<0.003), and 
deposit feeders (p<0.001; Table 4-10).  The δ
13
C of TTS consumers was significantly lower than 
at OS for predators (April only; p=0.036) and omnivores (p<0.001).  No significant δ
13
C 
differences among months were detected for any guilds except for predators, which had  
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Table 4-10.  δ
13
C (‰) isotope values (mean±SD) by feeding guilds for infauana collected on off-
shoal (OS), Ship Shoal (SS) and Tiger/Trinity Shoal (TTS) locations.  
 
 April August October January ANOVA 
Site  Deeposit feeders   
OS -18.4±0.6 -18.4±0.5 -18.6±0.8 -18.1±0.4 Month               ns 
SS -17.7±0.7 -16.3±1.4 -- -16.8±1.6 Site        p<0.0001 
TTS -18.6±0.7 -18.6±1.0 -19.0±1.5 -- Interaction        ns 
Site SS>TTS (p<0.0001), OS(p<0.0001) 
  Omnivores   
OS -18.7±0.5 -18.4±1.0 -18.7±0.8 -17.9±0.5 Month               ns 
SS -18.4±0.9 -17.4±1.2 -17.5±1.1 -18.1±0.5 Site          <0.0001 
TTS -20.0±0.1 -19.5±0.6 -19.9±1.1 -- Interaction        ns 
Site  SS>TTS (p<0.001), OS (p<0.003); OS>TTS (p=0.001) 
  Predators   
OS -18.1±0.5 -17.5±0.6 -18.3±1.5 -16.5 Month   p<0.0001 
SS -17.1±0.6 -16.1±0.7 -15.5±0.8 -15.8±1.0 
Aug>April 
(p<0.0001) 












SS>TTS   
(p<0.001) 




  Suspension feeders   
OS -19.0±0.1 -17.9±2.1 -18.9±0.8 -- Month               ns 
SS -17.8±1.3 -17.0±1.6 -18.5±0.4 -18.1±0.3 Site          p=0.002 
TTS -18.9±1.2 -18.9±1.9 -19.6±0.8 -- Interaction        ns 











Table 4-11.  δ
15
N (‰) isotope values (mean±SD) by feeding guilds for infauana collected on off-
shoal (OS), Ship Shoal (SS) and Tiger/Trinity Shoal (TTS) locations..  
 
 April August October January ANOVA 
δ
15
N  Deposit feeders   
OS 10.1±1.3 10.3±0.9 8.9±1.0 9.2±1.9 Month  p<0.001 
SS 8.9±1.0 9.7±0.7 -- 7.9±1.1 
Apr>Oct 
Aug> Apr; Oct 
TTS 10.0±1.2 10.7±1.1 8.7±1.1 -- Site     p< 0.001 
Site OS>SS (p<0.001); TTS>SS (p<0.001) Interaction     ns 
  Omnivores   
OS 11.3±1.5 11.4±0.7 10.1±0.8 10.2±0.8 Month  p<0.001 
SS 10.1±0.9 11.1±0.9 9.2±1.1 8.1±1.0 
Aug>Oct; April 
April>Oct 
TTS 9.9±2.6 11.9±0.3 9.7±1.5 -- Site      p=0.042 
Site OS>SS (p=0.013) Interaction     ns 
  Predators   
OS 13.5±0.9 11.8±1.2 10.8±1.8 12.3 Month  p<0.001 
SS 12.1±0.5 11.7±0.5 10.1±0.6 9.7±0.6 
April>Aug; Oct 
Aug>Oct 
TTS 12.7±1.0 12.7±1.0 11.0±2.0 -- Site      p=0.023 
Site TTS>SS (p=0.131)  Interaction     ns 
  Suspension feeders   
OS 9.6±0.5 10.6±1.3 8.9±1.5 -- Month            ns 
SS 10.5±1.4 10.3±0.7 8.1±0.1 7.1±0.3 Site                ns 






















 significantly lower δ
13
C in April compared to August (TTS and SS only; p<0.05; Table 4-10).  
There was a significant month × location interaction for predator δ
13
C (p=0.011), with no 
significant difference between OS and TTS in August and October.  No other interactions were 
detected.  Consumer δ
15
N was lower at SS compared to OS for deposit feeders (p<0.0001) and 
omnivores (p=0.031) and lower than TTS for deposit feeders (p<0.001).  Month had a significant 
effect on δ
15
N (p<0.001 for all guilds), with October significantly lower than April (predators) as 
well as August (omnivores and deposit feeders; Table 4-11).  No month × location interactions 
were detected.   
 Comparison of the macroinfauna δ
13
C isotope distribution indicated that there were 
significant differences among all three sites (Figure 4-3).  In April, August and October, the 
macroinfauna community of SS displayed a significantly more enriched δ
13
C distribution than 
macroinfauna collected at TTS and OS (Kolmogorov-Smironov test; p<0.006 for all tests).   The 
distribution on TTS was significantly different from OS in all months as well, but unlike SS the 
consumers δ
13
C distribution tended to be more depleted (Kolmogorov-Smironov test; p<0.001 
for all tests; Figure 4-3). 
Mixing Models.  In April, two pools of phytoplankton could be distinguished: a δ
13
CWPOM 
enriched pool found at lower salinity (~20 psu) and WPOM collected from higher salinity waters 
with δ
13
C typical of marine phytoplankton (Table 4-4).  The relative importance of BMA and 
high salinity phytoplankton in supporting benthic food webs could not be assessed in April by 




C values (Figure 4-4).  
Therefore, I only asessed the importance of the enriched WPOM (mean δ
13
C -13.8 ±1.1‰) and 
―other microalgae‖ (including BMA and non-δ
13
C enriched high salinity WPOM) to the benthic 
food web.  Sediment was not included in the mixing model because it is not a distinct end 
member, but rather a mixture of phytoplankton, BMA and refractory terrestrial material, and did 
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not appear to contribute to the macroinfaunal diets at any location (Figure 4-4). The estimated 
contribution of δ
13
C enriched WPOM was less than 20% for all species and locations and was 
often near 0%, suggesting the enriched phytoplankton did not contribute significantly to the diet 
of consumers on SS, OS, or TTS (Table 4-12).  The only species that appeared to consume 
appreciable amounts of δ
13
C enriched WPOM were A. paretii and haustoriid amphipods.  
Unlike April, WPOM and BMA had distinct δ
13
C signals in August and mixing model 
results using primary producers as end members indicated that BMA contributed >80% of the 
diet for 11 of the 14 SS species that could be examined and no species had a contribution less 
than 50% (Figure 4-5; Table 4-13).  In comparison, the mixing model indicated macroinfauna 
collected at TTS and OS had a mixed diet of phytoplankton and BMA.  The BMA dietary 
contribution to macroinfaunal collected at OS was >80% for only three of the 14 species tested.  
However, the estimated phytoplankton dietary contribution was >50% for only three of the 14 
species tested, suggesting BMA was also important to macroinfauna off-shoal (Table 4-13).  On 
TTS, BMA was estimated to constitute greater than 50% of the diet in nine of 17 species tested 
with phytoplankton being the dominant dietary constituent in the other eight species.  At all three 
collection sites, Magelona spp., O. emerita, O. fusiformis, D. cuprea and B. florida consistently 
had the lowest estimated BMA contribution to their diet, while BMA contributed most to the 
diets of A. paretii, N. acutus, Nephtys spp. and haustoriid amphipods (Table 4-13).    
When primary consumers were used as mixing model end members, there was a general 
decrease in the estimated dietary contribution of BMA at all sites (Table 4-14 and Table 4-15) in 
August.  Although dietary estimates were lower using primary consumers as end members, the 
overall pattern was similar, with BMA of greatest dietary importance on SS and phytoplankton 
most important on TTS and OS.  For SS there was a >50% estimated dietary contribution for 



















































Figure 4-3.  Frequency distribution of macroinfauna δ
13
C (‰) in April, August and October 
































































































































































































































































































































































































































































N ‰) for consumers collected on Ship Shoal (SS), 
Tiger/Trinity Shoal (TTS) and surrounding off-shoal (OS) locations in April 2007.  Symbols for 
macroinfauna are grey (mean), symbols for nekton are black (mean), and symbols for primary 
producers (mean±SD) are white as labeled.  Codes as follows: Polychaetes: Diopatra cuprea -d 
cup; Leitoscoloplos fragilis -l frag; Lumbrineris spp.-lumb; Magelona spp.-maga; Neanthes 
micromma -n mic; Nephtys spp.-neph; Onuphis  emerita -o eme; Owenia fusiformis -O fus; 
Thalenessa spinosa -t spi; Molluscs: Bivalves –biv; Nassarius acutus -n acut; crustaceans: 
Albunea paretti -a parr; Haustoriidae –acan; Cephalochordata: Branchiostoma floridae -b flor; 
Sipunculid: Phascolion strombi -p str; Fish: Citharichthys spilopterus –BW; Micropogonias 
undulatus –CR; Paralichthyida –FL; Menticirrhus littoralis –GK; Arius felis –HH; Prionotus spp.-















































































































































Table 4-12.  Isoerror mixing model results estimating the relative dietary contribution (%) of 
enriched WPOM from low salinity water and other algal sources (BMA and WPOM from higher 
salinity water) to macroinfauna collected in April 2007 from Ship Shoal (SS), Tiger/Trinity 
Shoal (TTS), and off-shoal (OS).  The dietary contribution (mean percentage ± SD) of enriched 
WPOM is shown. 
 
 SS TTS OS 
Species BMA contribution-Deposit feeder (%) 
Bivalvia 4.0±10.6 -2.4±11.2 3.3±11.0 
Haustoriidae 26.6±10.5 16.8±9.6 -- 
Magelona spp 6.7±10.6 -- -- 
O. fusiformis -- -23.4±13.5 1.2±10.3 
P. strombi -- -0.6±11.1 1.2±12.8 
 BMA contribution-Omnivores (%) 
D. cuprea -6.6±13.2 -- -6.5±11.3 
O. emerita -- -33.8±14.7 -- 
 BMA contribution-Predators/scavengers (%) 
Lumbrineris  spp. -- -11.9±19.8 10.4±10.7 
Nephtys spp. 19.4±9.1 -28.4±14.0 -1.7±13.2 
T. spinosa 37.0±10.4 -1.8±10.9 -- 
N. acutus 8.0±9.7 -21.1±19.5 -- 
 BMA contribution-Suspension feeders (%) 
A. paretii 37.9±13.2 18.7±11.1 -- 





































N ‰) for consumers collected on Ship Shoal (SS), 
Tiger/Trinity Shoal (TTS) and surrounding off-shoal (OS) locations in August 2007.  Symbols 
for macroinfauna are grey (mean), symbols for nekton are black (mean), and symbols for 
primary producers (mean±SD) are white as labeled.  Codes as follows: Polychaetes: 
Aglaophamus circinata-a cir; Asychis elongate-a elon; Capitellid sp.-cap; Diopatra cuprea -d 
cup; Unk. species –gang; Leitoscoloplos fragilis -l frag; Lumbrineris spp.-lumb; Magelona spp.-
maga; Neanthes micromma -n mic; Nephtys spp.-neph; Onuphis  emerita -o eme; Owenia 
fusiformis -O fus; Thalenessa spinosa -t spi; Molluscs: Bivalves –biv; Nassarius acutus -n acut; 
crustaceans: Albunea paretti -a parr; Haustoriidae –acan; Cephalochordata: Branchiostoma 
floridae -b flor; Sipunculid: Phascolion strombi -p str; Nekton: crustaceans: Fish: Citharichthys 










































































































































Table 4-13.  Isoerror mixing model results estimating the relative dietary contribution (%) of 
WPOM and BMA to macroinfauna using primary producers as end members for mixing model 
estimates as described in the text.  Macroinfauna were collected in August and October 2007 
from Ship Shoal (SS), Tiger/Trinity Shoal (TTS), and off-shoal (OS).  The dietary contribution 










































 Month SS August TTS August OS August 
Species  BMA contribution-Deposit feeder (%) 
Haustoriidae August 124±14.3 81.5±8.7 -- 
 October -- -- -- 
     
Capitellidae August 110.9 8.4 -- 
 October -- -- -- 
     
A. elongata August -- 43.3±7.6 58.5±7.0 
 October -- -- -8.8±19.7 
     
Bivalvia August 84.1±9.3 69.6±29.9 51.5±6.3 
 October -- 40.6 7.0±9.3 
     
L. fragilis August 130.9±15.9 -- 58.1 
 October -- -- -- 
     
Magelona spp August 50.9±6.6 34.6±3.7 42.2±5.1 
 October -- -- -4.4 
     
P. strombi August 87.9±9.4 54.0±6.8 63.3±7.0 
 October -- 64.5±12.4 46.3±23.0 
  BMA contribution-Omnivore (%) 
N. micromma August 95.5±13.3 53.5 91.4 
 October 20.5 50.5±13.0 31.8 
     
O. fusiformis August -- 31.8±5.0 -- 
 October -- 19.4±7.4 43.8 
     
D. cuprea August 53.5 33.3±5.9 64.4±7.6 
 October 34.9±17.3 47.4±14.5 17.0±18.0 
     
O. emerita August 51.6±6.7 22.3±4.3 37.2±6.9 
 October 85.8 27.0±7.6 49.7±15.1 
  BMA contribution-Predator/Scavenger (%) 
A circinata August -- 68.2 78.5±9.8 
 October 97.7±36.6 -- -- 
     
Lumbrineris  spp August -- 56.4±6.6 75.6±8.5 
 October -- 47.0±10.0 67.4±13.3 
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 Month SS August TTS August OS August 
Species  BMA contribution-Predator/Scavenger (%) 
Nephtys spp. August 102.8±11.4 85.4±9.1 -- 
 October 72.4 47.0±10.1 -- 
     
T. spinosa August 102.8±17.1 49.3±7.6 52.3±5.6 
 October 118.6 -- 26.2 
     
N. acutus August 91.8±10.7 78.7±14.3 83.5±9.0 
 October 48.6±17.7 51.5±12.3 50.9±18.4 
  BMA contribution-Suspension feeder (%) 
A. paretii August 118.2±14.3 95.2±11.4 98.5±31.6 
 October -- -- -- 
     
B. floridae August 54.1±6.0 18.3±8.2 31.1±3.7 
 October 13.5±7.0 38.4±9.6 48.7±11.7 
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Table 4-14.  Isoerror mixing model results estimating the relative dietary contribution (%) of 
WPOM and BMA to macroinfauna using primary consumers as end members for mixing model 
estimates as described in the text.  Macroinfauna were collected in August and October 2007 
from Ship Shoal (SS), Tiger/Trinity Shoal (TTS), and off-shoal (OS).  The dietary contribution 





















  Month SS August TTS August OS August 
Species  BMA contribution-Deposit feeder (%) 
A. elongata August -- 12.7±6.1 27.2±4.0 
 October -- -- 22.9±13.2 
     
Capitellidae August 76.8 -20.4 -- 
 October -- -- -- 
     
Haustoriidae August 89±6.0 49.0±1.8 -- 
 October -- -- -- 
     
Bivalvia August 51.0±3.0 37.7±28.0 20.5±3.7 
 October -- 17.8 26.6±8.0 
     
L. fragilis August 95.8±7.6 -- 26.8 
 October -- -- -- 
     
Magelona spp August 19.9±4.2 4.5±2.6 11.6±3.4 
 October -- -- 24.8 
     
P. strombi August 55.1±2.1 22.8±3.9 32.2±2.7 
 October -- 48.8±3.7 41.8±4.5 
  BMA contribution-Omnivore (%) 
N. micromma August 62.2±8.4 22.7 58.4 
 October 41.6 30.6±11.1 49.2 
     
O. fusiformis August -- 1.8±4.5 -- 
 October -- -9.7±5.7 22.0 
     
D. cuprea August 22.5 3.2±5.5 32.8±3.4 
 October 51.3±8.2 26.6±14.4 32.0±5.5 
     
O. emerita August 20.6±4.3 7.2±4.7 7.2±5.7 
 October 85.3 0.1±4.8 29.6±14.9 
  BMA contribution-Predator/Scavenger (%) 
A circinata August -- 36.3 46.1±5.1 
 October 93.3±8.2 -- -- 
     
Lumbrineris  spp August -- 25.2±3.2 43.4±2.8 
 October -- 26.1±4.5 52.6±6.1 
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 Month SS August TTS August OS August 
Species  BMA contribution-Predator/Scavenger (%) 
Nephtys spp. August 69.1±4.6 52.7±1.8 -- 
 October 76.3 26.1±4.9 -- 
     
T. spinosa August 69.1±12.6 18.4±6.0 21.7±2.2 
 October 107.3 -- 0.8 
     
N. acutus August 58.8±4.6 46.3±0.12 50.9±2.4 
 October 60.5±3.3 31.9±9.7 47.6±4.2 
  BMA contribution-Suspension feeder (%) 
A. paretii August 83.8±6.8 61.9±5.1 65.2±28.0 
 October -- -- -- 
     
B. floridae August 23.0±2.8 -11.0±8.4 1.2±3.0 
 October 36.9±2.5 14.9±7.1 28.3±8.9 
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Table 4-15.  Comparison of mixing model results using primary consumers (PCE) and primary producers (PPE) as end members to 
estimate the relative dietary contribution of WPOM and BMA to macroinfauna collected in August and October 2007 from Ship Shoal 
(SS), Tiger/Trinity Shoal (TTS), and off-shoal (OS).  The dietary contribution (mean percentage± SD error) of BMA is shown.   
 
 % BMA contribution 
 OS SS TTS 
Guild PCE PPE PCE PPE PCE PPE 
   August    
Deposit  
Feeders 23.7±7.9 54.7±8.2 64.6±28.3 98.1±29.8 15.3±23.4 46.2±24.6 
Omnivores 32.8±25.6 64.3±27.1 35.1±23.5 66.9±24.8 11.0±10.3 36.4±15.8 
Predators 40.5±12.9 72.5±13.8 65.7±5.9 99.1±6.4 35.7±16.4 67.5±15.0 
Suspension 
Feeders 33.2±45.3 76.3±31.4 53.4±43.0 68.3±70.6 25.5±51.5 63.2±45.3 
       
   October    
Deposit  
Feeders 27.6±8.1 16.8±26.5 -- -- 19.0±29.3 36.0±21.5 
Omnivores 36.9±10.7 32.8±16.4 59.4±22.9 46.9±34.0 19.1±16.6 41.6±12.8 
Predators 33.7±28.6 48.2±20.7 84.3±20.4 84.3±30.4 28.0±3.3 48.5±2.6 
Suspension 
Feeders 28.3 48.7 36.9 13.5 14.9 38.4 
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In August, the % contribution of BMA to the diet of macroinfauna trophic guilds 
generally tracked spatial changes in PD%, my proxy for BMA (Figure 4-6; individual taxa are 
shown in Appendix C Figure C-1).  In addition, linear regressions of PD% and on macroinfauna 
δ
13





=0.409; p<0.001) and suspension feeders (r
2
=0.245; p=0.012), but not for 
omnivores (Figure 4-7). 
In October, I found significant differences in δ
13
CWPOM samples collected to the east (-
18.9±0.20) and west (-22.2±1.10) of Atchafalaya Bay.  Therefore, for the mixing model, I used  
the eastern δ
13
CWPOM values for animals collected on SS and western δ
13
CWPOM values for 
macroinfauna collected on TTS (Figure 4-8).  For all locations, mixing model results indicated 
the contribution of BMA to macroinfaunal diets was lower in October compared to August 
(Table 4-13).   At SS, BMA contributed >50% of the diet in four of eight species. The lowest 
BMA contribution was found in B. florida, D. cuprea, and N. micromma.  On OS and TTS, all 
but p. strombi (TTS) and Lumbrineris spp. (OS) had a BMA contribution <50%.  The BMA 
contribution to macroinfaunal diets was lowest in O. emerita, O. fusiformis, bivalves and T. 
spinosa with most other species near 50% mix of BMA and phytoplankton (Table 4-13).    In 
October, the contribution of BMA to different trophic guilds did not appear to reflect changes in 
the PD% in the sediment (Figure 4-9; individual taxa are shown in Appendix C Figure C-2) and 
regressions of PD% and δ
13
C by trophic guild did not reveal any significant relationships (Figure 
4-7).   
In October, the BMA dietary contribution estimates were similar at SS and OS, whether 
primary consumers or primary producers were used as mixing model end members (Table 4-14 
and 4-15).  At TTS the model using primary consumer end members gave lower estimates of 






























Figure 4-6.   Comparison of % pennate diatoms (mean±SD) and percent dietary contribution of BMA (mean±SD) to diets of 
suspension feeders (SF), deposit feeders (DF), predators/scavengers (PRED) and omnivores (OMN) collected at Ship Shoal (SS), 
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Figure 4-7.  Relationship between the percentage of pennate diatoms and the δ
13
C values of 
suspension feeders, deposit feeders, predators/scavengers and omnivores.  Regression results are 












Fig. 4-7 continued 
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N ‰) for consumers collected on Ship Shoal (SS), 
Tiger/Trinity Shoal (TTS) and surrounding off-shoal (OS) locations in October 2007.  Symbols 
for macroinfauna (mean) are grey, symbols for nekton (mean) are black and symbols for primary 
producers (mean±SD).  are white as labeled.  Note difference in WPOM for TT area and SS area.  
Codes as follows: Polychaetes: Aglaophamus circinata-a cir; Asychis elongate-a elon; Capitellid 
sp.-cap; Diopatra cuprea -d cup; Leitoscoloplos fragilis -l frag; Lumbrineris spp.-lumb; 
Magelona spp.-maga; Neanthes micromma -n mic; Nephtys spp.-neph; Onuphis  emerita -o eme; 
Owenia fusiformis -O fus; Thalenessa spinosa -t spi; Molluscs: Bivalves –biv; Nassarius acutus -
n acut; Cephalochordata: Branchiostoma floridae -b flor; Sipunculid: Phascolion strombi -p str; 













































































































































































Figure 4-9.   Comparison of % pennate diatoms (mean±SD) and percent dietary contribution of BMA (mean±SD) for suspension 
feeders (SF), deposit feeders (DF), predators/scavengers (PRED) and omnivores (OMN) collected at Ship Shoal (SS), Tiger/Trinity 



















































































































































































































































greatest dietary importance on SS (six of eight species with estimated BMA contributions 
>50%), while phytoplankton most important on TTS (zero of 10 species with estimated BMA 
contributions >50%) and OS (one of 12 species with estimated BMA contributions >50%).  In 
addition, unlike mixing model estimates based on primary producers, the estimated dietary 
contribution of BMA was not consistently lower in October compared to August (Table 4-14 and 
4-15).  In January, all macroinfauna were more enriched in δ
13
C than WPOM and BMA samples 
collected at the same time period and δ
13
C WPOM and δ
13
C BMA were similar.  Consequently, 
mixing models could not be applied (Figure 4-10).  
 When applied to SS macroinfauna, the conservative mixing model (OS macrofauna used 
at the most δ
13
C depleted end member) indicated BMA was a primary food source to L. fragilis, 
haustoriid amphipods and A. paretti on SS (Table 4-16).  BMA also made a 30 to 50% dietary 
contribution to O. emerita, P. strombi, and bivalves.  The BMA contribution was lowest for N. 
micromma, Magelona spp. and D. cuprea. 
 To better assess the dietary importance of BMA and phytoplankton at SS, OS, and TTS, I 
incorporated the qualitative abundance of individual taxa into the analysis.  I ranked the relative 
abundance of individual taxa based on the number of samples available for isotope analysis using 
a relative scale.  Using these estimates I calculated an abundance-weighted average of the 
estimated dietary importance of BMA for each location (Table 4-17).  This value represents the 
use of BMA normalized by the abundance of consumers and gives an indication of the overall 
importance of BMA in supporting the benthic food web.  The results again suggest BMA is the 
most important dietary resources on SS (57.7 to 73.9%) while phytoplankton is most important 
on OS (BMA dietary contribution 46.1 to 48.1%) and TTS (BMA dietary contribution 18.8-
46.6). Quantitative analysis of macroinfaunal communities in the study area is ongoing and a 













































































N ‰) for consumers collected on Ship Shoal (SS) 
and surrounding off-shoal (OS) locations in January 2008.  Symbols for macroinfauna are grey, 
symbols for nekton are black, and symbols for primary producers are white as labeled.  Codes as 
follows: Polychaetes: Diopatra cuprea -d cup; Magelona spp.-maga; Neanthes micromma -n 
mic; Onuphis  emerita -o eme; Owenia fusiformis -O fus; Thalenessa spinosa -t spi; Molluscs: 
Bivalves –biv; Nassarius acutus -n acut; crustaceans: Cephalochordata: Branchiostoma floridae -b 





Table 4-16.  Isoerror mixing model results estimating the relative dietary contribution (%) of 
WPOM and BMA to macroinfauna assuming a 0% dietary contribution of BMA to macroinfauna 
collected at OS.  The dietary contribution of BMA (mean percentage±SD) for macroinfauna 





Leitoscoloplos fragilis 94.3 
Haustoriidae 83.7± 33.2 
Albunea paretti 53.6 
Onuphis  emerita 46.9± 45.5 
Nassarius acutus 20.3± 5.9 
Phascolion strombi 34.4 
Bivalves 38.9 
Neanthes micromma -2.9± 17.0 
Magelona spp 9.4 
Diopatra cuprea 6.5± 30.8 
Branchiostoma floridae 17.3± 7.4 
 
DISCUSSION 
Potential Food Sources.  BMA δ
13
C values found in this study ranged from ~-20‰ in April and 
January to -13‰ in October.  These values are similar to other studies of subtidal BMA (Kang et 
al., 2003; Kharlamenko et al., 2008).  The highest δ
13
C values for BMA were observed in August 
and October, potentially due to higher temperatures increasing microalgal CO2 demand, and 
consequently decreasing microalgal discrimination against
 13
C.  Sediment isotope values 
represent a mixture of phytoplankton, BMA and terrestrial organic matter.  In deltaic 
environments like the study area, shelf sediments receive terrestrial organic matter, which 
diminishes with distance from the river source.  Nearshore sediments of the Louisiana shelf have 
a higher proportion of terrestrial material and typically have sediment δ
13
C values > -23‰ 
(Gordon et al., 2001).  In this study, terrestrial material (wood chips and leaf fragments) were 
visually evident in sediment samples and sediment δ
13
C (mean range -19.1‰ to -22.2‰) was 
lower than primary producers, especially at OS, indicating isotopically depleted C3 plants were
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Table 4-17.  Comparison of mixing model results using primary consumers (PCE) and primary producers (PPE) as end members to 
estimate the relative dietary contribution of WPOM and BMA to macroinfauna collected in August and October 2007 from Ship Shoal 
(SS), Tiger/Trinity Shoal (TTS), and off-shoal (OS).  The dietary contribution (mean percentage± SD error) of BMA is shown.  
Abundance rank (AR) of macroinfauna was used to calculate the relative importance of BMA to each location, with 1 being least 
abundant and 4 being most abundant.  Weighted mean is the average % BMA contribution weighted by the AS. 
. 
 % BMA dietary contribution 
 OS  SS  TTS 









Asychis elongata 2 25.1±3.0 24.9±47.6   -- --  1 12.7 43.3 
Albunea paretti 1 65.2 98.5  1 83.8 118.2  1 61.9 95.2 
Haustoriidae  -- --  2 89.0 124.0  1 49.0 81.5 
Branchiostoma floridae 1 14.8±19.2 51.4±3.8  4 30.0±9.8 15.9±3.4  4 2.0±18.3 34.8±5.2 
Bivalves 4 23.6±4.3 29.3±31.5  2 51.0 84.1  1 27.8±14.1 55.1±20.5 
Capitellid sp.     1 76.8 110.9  1 -20.4 8.4 
Diopatra cuprea 4 32.4±0.6 40.7±33.5  3 36.9±20.4 44.2±13.2  2 14.9±16.5 40.4±10.0 
Leitoscoloplos fragilis 1 26.8 58.1  1 95.8 130.9   -- -- 
Lumbrineris spp 2 48.0±6.5 71.5±5.8   -- --  2 25.7±0.6 51.7±6.6 
Magelona spp 2 18.2±9.3 18.9±33.0  2 19.9 50.9  1 4.5 34.6 
Nassarius acutus 3 49.3±2.3 67.2±23.1  3 59.7±1.2 70.2±30.5  1 39.1±10.2 65.1±19.2 
Neanthes micromma 1 53.8±6.5 61.6±42.1  2 51.9±14.6 58.0±53.0  1 26.7±5.6 52.0±2.1 
Nephtys spp  -- --  3 72.6±4.9 87.6±21.5  2 39.4±18.8 66.2±27.2 
Onuphis  emerita 2 18.4±15.8 43.5±8.8  3 53.0±45.7 68.5±23.8  3 3.7±5.0 24.7±3.3 
Owenia fusiformis 1 22.0 43.8   -- --  3 -4.0±8.1 25.6±8.8 
Phascolion strombi 3 37.0±6.8 54.8±12.0  2 55.1 87.9  4 35.8±18.4 59.3±7.4 
Thalenessa cf. 
spinosa 1 11.3±14.8 39.3±18.5  2 88.2±27.0 
110.7±11.
2  2 18.4 49.3 
Weighted mean 46.1 48.1  n 57.7 73.9  n 18.8 46.6 
 146 
also present in the sediment.  The sediment δ
15
N was lower than values for primary producers as 
well, which also indicates the presence of terrestrial detritus.  For example, wood chips had δ
15
N 
values of 2-3‰.   
Seasonal changes in primary producer δ
15
N were also evident.  Mean δ
15
NWPOM ranged 
from 6 to 10 ‰ and was higher in August than in April and January.  This was unexpected as 
δ
15
NWPOM is often found to be highest during spring when NO3
-
 concentrations are high, 
compared to the summer when phytoplankton have exhausted NO3
-
 and rely more on recycled, 
δ
15
N depleted NH4 (Cifuentes et al., 1988; Goering et al., 1990; Horrigan et al., 1990; Rolff, 
2000).  One explanation is that phytoplankton DIN uptake during the spring left a residual pool 
of enriched DIN in the summer.  This, coupled with low fractionation due to low DIN 
availability could account for the enriched δ
15
NWPOM during the summer.  BMA δ
15
N was 
consistently between 6 and 7 ‰ throughout the year, which is similar to other studies in shelf 
systems.   
Consumer Isotope Values.  The δ
13
C values for most fish ranged from -18.0 ‰ to -16.0‰ 
which are similar to those found for benthic-feeding species in other continental shelf studies 
(Fry, 1983; Thomas and Cahoon, 1993; Jennings et al., 1997; Davenport and Bax, 2002).  In 
contrast to fish, penaeid shrimp in August and October had depleted δ
13
C compared to both fish 
and macroinfauna.  C. sapidus was also generally δ
13
C depleted in April compared to fishes in all 
collections.  The depleted signal may not have been due to dietary differences but rather the 
migratory patterns.  In Louisiana estuaries, penaeid shrimp can range from -25 to -17 ‰ 
depending on season (Fry, 1983; Fry et al., 2003). Some shrimp that have recently migrated from 
the estuary may retain a depleted signal for some time even while residing off-shore.  The 
proportion of long-term resident and recent migrants found on Ship Shoal is not known. 
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Macroinfauna isotope values were similar to those found in bays and off-shore food webs 
outside the study area (Davenport and Bax, 2002; Takai et al., 2002; Kang et al., 2003; 
Kharmalenko et al., 2008).   To our knowledge the only study of non-migratory benthic 
consumers from the north-central Gulf of Mexico (NCGOM) is Fry et al. (1984).  They 
examined the δ
13
C of non-penaeid epibenthic shrimp and found values between -15‰ and -16‰, 
which are similar to the δ
13
C values found for benthic crustaceans (A. paretii and haustoriid 
amphipods) in this study.   
Consumer δ
15
N clearly showed trophic enrichment from primary consumers to large 
carnivorous nekton.  Cynoscion spp. generally had the highest δ
15
N likely reflecting their larger 
size and ability to consume other fish in addition to benthic invertebrates.  Most δ
15
N values of 
demersal fish were between 13‰ to 15‰ throughout the year compared to macroinfaunal 
primary consumers (8-9‰) suggesting that demersal fish occupy one or two trophic levels 
assuming a 3 ‰ increase in δ
15
N with trophic level (Vanderklift and Ponsard, 2003 and 
McCutchan et al., 2003).  Within invertebrates, δ
15
N trophic enrichment was also evident, as 
predatory macroinfauna had significantly higher δ
15
N values compared to suspension and deposit 
feeders.  The δ
13
C of fish was also higher than non-predator macroinfauna, indicating potential 
trophic enrichment was present.  However, the difference in δ
13
C observed for the fish and 
infauna may have been due to the use of muscle tissue (fish) vs. whole animals (macroinfauna; 
McCutchan et al., 2003). 
Heterogeneity in Basal Food Resources.  BMA, phytoplankton and terrestrial detritus are all 
potential food sources supporting the benthic food web.  Terrigenous detrital organic matter, 
while considerable in quantity is generally refractory and therefore not as nutritive to benthic 
consumers as new primary production (Mann, 1988).  Similarly, the organic matter exported 
from the extensive salt marshes along coastal Louisiana is also likely to be refractory and 
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spatially restricted to the nearshore sediments (Turner et al., 2007; Sampere et al., 2008).  
Although terrestrial material is considered refractory and a poor nitrogen source, Darnaude et al. 
(2002) found sub-surface deposit feeders collected from a river influenced shelf had δ
13
C values 
indicating the consumption of terrestrial organic matter.  However, the contribution of terrestrial 
carbon to consumers decreases with distance from the source (Darnaude et al., 2002; Hill et al., 




C values found in this study 
did not indicate consumption of terrestrial detritus.  Rather, our findings support Fry et al. (1984) 
who found no consistent trend in benthic crustacean δ
13
C along an onshore to off-shore transect 
in the NCGOM.  The remainder of the discussion will focus on BMA and phytoplankton, the 
other two potential sources.  However, I cannot rule out the possibility that the contribution of 
terrestrial resources to the benthic food web increases in nearshore sediments containing a 
greater percentage of terrestrially-derived organic matter. 
Consumer isotope values and mixing model results indicated low-salinity δ
13
C enriched 
phytoplankton found in April was not incorporated into the food web.  Sediment δ
13
C in April 
appeared to reflect a mixture of terrestrial organic matter and marine phytoplankton (-22‰ to -
19‰) suggesting the enriched phytoplankton made a minor contribution to the total sediment 
resources available to consumers.  Why δ
13
C enriched phytoplankton did not appear to be 
utilized by benthic consumers is unknown.  One explanation is that the isotope signal changed as 
the cells decayed on the seafloor.  Several studies have found an increase in phytoplankton δ
13
C 
from surface to bottom waters, although others have found the opposite trend or no clear trend at 
all (Boyd et al., 1999; Guo et al., 2004; Liu et al., 2007 and references therein).  However, the 
change is usually less than 3‰ which is much smaller than the observed difference between the 
enriched WPOM (-13.8±1.1‰) and the primary consumers -19‰ to -18‰).  The most likely 
explanation is that the enriched phytoplankton, which had a relatively restricted distribution of 
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(low salinity nearshore water) was diluted by the more widely distributed high salinity, oceanic 
phytoplankton. 
 The final two potential food sources are BMA and non-enriched marine phytoplankton, 
which typically has a lower δ
13
C compared to BMA.  On SS, BMA dominated the sediment algal 
community throughout the year and sediment algal biomass often exceeded phytoplankton 
biomass in the overlying water-column (Chapter 2 and 3).   Therefore, if BMA are the primary 
benthic food web support on SS, consumer δ
13
C on SS should differ from those of OS and TTS 
where the sediment algae was a more seasonally variable mix of BMA and phytoplankton and 
where phytoplankton biomass typically exceeded sediment algal biomass (Chapter 3).   
For nekton, the ANOVA indicated generally uniform isotope values among the three 
study locations.  The demersal fish sampled in this study are mobile generalists and likely fed on 
and off-shoal making it difficult to detect a resource specific isotope signal.  However, the 
relatively enriched δ
13
C of fishes did suggest they consumed benthic resources, although there 
are few studies from the NCGOM for comparison.  Compared to the demersal fishes from our 
study, Thayer et al. (1983), found larval fishes had δ
13
C of ~ -21 ‰, suggesting the expected 
dependence on phytoplankton.  Similarly, pelagic year 0 red snapper had isotope values from -
22‰ to 18‰, which increased to > -18‰ in year +2 fishes as they switched to benthic resources 
(Wells et al., 2008).  In a study conducted in the northwest GOM, Rooker et al., (2006) found 
pelagic fish (secondary consumers) had δ
13
C between -20‰ and -17‰ and only tertiary 
consumers had values > -16‰.  These data suggests that demersal fish in our study area (most 
δ
13
C values between -18‰ and -16‰) are supported by both phytoplankton and a δ
13
C enriched 
benthic food source such as BMA.  However, the differences between the δ
13
C values of benthic 
and pelagic consumers is usually less than 2‰, which is small considering the range of trophic 
correction factors possible (0 to 1‰ for marine consumers).  
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 Macroinfauna displayed more temporal and spatial variation in their isotope values 
compared to fish.  Macroinfauna collected on SS typically had the highest mean δ
13
C values 
while TTS typically had the lowest, indicating differences in basal food resources.  Significant 
locational differences were found for several species, but only B. florida collected at SS had 
consistent, significantly higher δ
13
C compared samples from TTS and OS.  However, the 
ANOVA analysis was limited in October and January by low sample size and low overlap of 
individual species by location.  At the level of trophic guild and community, macroinfauna δ
13
C 
was significantly higher at SS compared to TTS and OS in April, August, and October.  The 
differences in macroinfauna δ
13
C values among the three locations provide evidence that the 
basal resources supporting the benthic food web on SS differs from TTS and OS, and the higher 
δ
13
C of SS macroinfauna suggest a greater reliance on BMA, which is a δ
13
C enriched food 
source.   
The Isoerror mixing model results also indicated that BMA is the base of the benthic food 
web on SS, and, along with phytoplankton, is also an important basal resource at TTS and OS.  
D. cuprea, O. emerita, and B. florida consistently had the highest estimated phytoplankton 
dietary contributions.  B. florida is a suspension feeding cephalochordate and is most likely to 
directly consume phytoplankton from bottom water.  D. cuprea and O. emerita are both tube-
building onuphid polychaetes.  Both feed on plant and animal material on or around their tubes 
(Fauchald and Jumars, 1979), and the intermediate δ
15
N of both, suggests they consumed both 
algae and other heterotrophs.  However, it is unclear why they would show greater 
phytoplankton than BMA dependence as the herbivorous portion of their diet is most likely to 
consist of tube-associated benthic algae and neither is likely to feed directly on phytoplankton 
(Fauchald and Jumars, 1979).  Macroinfauna displaying the greatest temporally and spatially 
consistent dependence on BMA (> 50% estimated dietary contribution) were Lumbrineris spp, L. 
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fragilis, A. paretii, haustoriid amphipods, N. acutus, P. strombi and Nephtys spp.  Haustorid 
amphipods, P. strombi and L. fragilis are sub-surface deposit feeders capable of consuming 
BMA directly (Bianchi and Rice, 1988).  A. paretii, is a suspension feeder that filters organic 
matter from the sediment, which would presumably include BMA.  Furthermore, the mean δ
13
C 
of these species was higher at SS compared to TTS and OS (although not always significantly), 
indicating that they feed on BMA in proportion to its abundance in the sediment (Table 4-8).  
Lumbrineris spp. and Nephtys spp. are carnivores, (all had comparatively high δ
15
N values) 
indirectly dependent on BMA by consuming BMA dependent primary consumers.    
Using primary consumers as end members in the two-source mixing model corrects for 
trophic fractionation.  Using this mixing model approach, the estimated dietary contribution to 
macroinfauna on SS was lower compared to the mixing model results that used primary 
producers as end members.  However, both methods indicate BMA is the primary food web 
support on SS.   
Alternative Explanations.  There is some evidence that the high δ
13
C observed in benthic 
compared to pelagic invertebrates is at least in part a natural phenomenon and not due to 
consumption of BMA.  For example, Sherwood and Rose (2005) collected pelagic and benthic 
invertebrates over shelf sediments with little possibility for benthic production (>200 m) and 
found an approximate 2‰ δ
13
C difference between the two groups.  Le Hoc et al. (2008) found 
similar results in 80 to 130 m of water.  Nadon and Himmelman (2006) and Kharlamenko et al. 
(2008) adressed this issue specifically and found a natural enrichment to be present in the 
absence of BMA consumption.  The mechanism for this enrichment is as yet unknown.  Some 
hypotheses include selective feeding by benthic consumers, multiple trophic levels in sediment 
food webs (Fry and Sherr, 1984), deposition of δ
13
C enriched phytoplankton, macroalgae and 
seagrasses (Nadon and Himmelman, 2006 and references therein), and microbial degradation of 
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settled organic matter that results in an enriched residual resource pool (Nadon and Himmelman, 
2006), 
To investigate further, I used two methods to examine whether spatial and temporal 
differences in consumer isotopes could be related back to BMA: 1) I examined whether the 
mixing model and ANOVA results could be specifically related to PD%, and 2) I used a 
conservative mixing model that assumed a 0% BMA contribution for all macroinfauna collected 
off-shoal and back calculations of the estimated BMA dietary contribution to macroinfauna 
collected on SS.   
First, in August, mixing model results appeared to reflect spatial differences in the 
relative abundance of phytoplankton and BMA in the sediment.  At SS in August, where BMA 
dominated the sediment algae, all macroinfauna had a >50% contribution from BMA and a 
>80% contribution for a majority of the species.  In contrast, at TTS and OS where the sediments 
contained a mix of BMA and settled phytoplankton, the contribution of phytoplankton and BMA 
was more mixed and varied greatly among species.  The contribution of BMA as a basal resource 
was lower in October compared to August at all locations due to a ~1‰ increase in the mean 
δ
13
CBMA.  Thus, macroinfauna tissue may not have had time to equilibrate to the higher δ
13
CBMA 
in October resulting in a lower estimated contribution.  However, there was a decrease in δ
13
C 
for some consumers as well that is difficult to explain.  In January, Isoerror could not be used 
because consumer δ
13
C values were highly enriched compared to either source.  Again, this may 
have been due to consumers retaining the enriched isotope signal from the fall due to slow tissue 
turnover during the winter.   
Across months, macroinfauna at TTS had lower δ
13
C than at SS and OS, even though the 
latter had significantly lower PD% than TTS.  For example, in April, macroinfauna δ
13
C values 
(as species, trophic guilds and the community distribution) were generally highest at SS and 
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lowest at TTS.  However, the difference did not appear to be a result of differences in basal 
resource use because PD% was similar at SS and TTS and BMA and WPOM had similar isotope 
values during this time period.  One explanation is that the Atchafalaya Bay outflow goes 
directly west over TTS, potentially depositing δ
13
C depleted terrestrial resources on the seafloor.  
The significantly lower sediment δ
13
C at TTS compared to SS provides some support for this 
explanation.  However, it is unclear whether the difference in sediment δ
13
C is due to greater 
phytoplankton deposition or terrestrial detritus, as both are isotopically lighter than δ
13
CBMA.  
Similarly, although the PD% metric accounts for sediment-associated algal food sources, 
macroinfauna also have access to phytoplankton in bottom water.  Therefore, the PD% metric 
may understimate the availability of phytoplankton to macroinfauna capable of feeding in the 
water-column and sediment.  A relatively high phytoplankton biomass was found over TTS 
(Chapter 3) and macroinfauna may have consumed this phytoplankton even though it did not 
dominate the sediments.  
Second, BMA remained an important, although not always primary, food source for 
macroinfauna collected on SS when the most conservative BMA dietary estimate was used 
(Table x).  The conservative mixing model used macroinfauna collected off-shoal as an end 
member thereby accounting for any natural δ
13
C enrichment in SS macroinfauna.  The 
conservative model estimated that some taxa, i.e., Leitoscoloplos fragilis, Haustoriidae and 
Albunea paretti, gained over 50% of their diet from BMA.  Taken together, the mixing model 
results and the predominace of BMA in SS sediments suggest that the high estimated BMA 
dietary contribution for SS macroinfauna was due to the consumption of BMA. 
Conclusion.  Settled phytoplankton is traditionally assumed to be the primary resource 
supporting continental shelf benthos.  This study is one of the few to specifically investigate the 
trophic function of BMA on the inner continental shelf.  Of the three locations sampled, I found 
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that BMA was the primary basal resource for macroinfauna on SS.  This conclusion is supported 
by three lines of evidence: 1) ANOVA results and frequency distribution analysis demonstrated 
that macroinfauna δ
13
C was highest at SS compared to OS and TTS, suggesting SS macroinfauna 
were ingesting a δ
13
C enriched food source such as BMA, 2) BMA was consistently predominant 
in the sediment algae on SS, indicating it was an abundant food source, and 3) even using the 
most conservative mixing model estimates, BMA was an important (although not primary) food 
web support on SS.  Sediments at TTS and OS contained a mix of BMA and phytoplankton and 
consequently, isotope data indicated both resources were important to macroinfauna at these 
locations.  Our study demonstrates that, when available, BMA is utilized by shelf macroinfauna 
that, in turn, support higher trophic levels.  Louisiana continental shelf sediments are typically 
muddy sands or sandy muds, which appears to support lower BMA biomass than sandy 
sediments with low silt and clay (Chapter 3).  Thus our results have greater implications for non-
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 In river-dominated inner continental shelf systems like the north-central Gulf of Mexico 
(NCGOM; Chapter 1), spatial and temporal heterogeneity in sediment and water-column 
characteristics may promote regional variation in the relative contribution that phytoplankton and 
BMA make to benthic systems.  In addition, organic matter derived from allochthonous 
(terrestrial and freshwater) and autochthanous (BMA and marine phytoplankton) primary 
production may be present in shelf sediments and all potentially contribute to benthic food webs 
on the continental shelf (Darnaude et al., 2004; Kharmelenko et al., 2008; Kang, 2003).  The 
overall goal of my research was to investigate the biomass, composition, and distribution of 
sediment microalgae as well as the role of these sources in supporting benthic food webs on a 
section of the inner continental shelf of Louisiana characterized by the presence of shallow 
shoals. 
Shallow, sandy shoals represent one source of sediment heterogeneity in the NCGOM 
inner shelf.  As physically distinct, high-relief, geologic features, these shoals may provide 
unique ecological functions or communities not found in surrounding fine sediments (Table 5-1).  
Like other shoals in the NCGOM, Ship Shoal has been investigated as a potential sand source for 
barrier island restoration projects, warranting studies of its ecological services. 
In Chapter 2, I examined the composition and biomass of sediment associated microalgae 
(which may include settled phytoplankton or BMA) on Ship Shoal (SS) as well as the potential 
for benthic microalgal production based on the sediment light field.  Light levels reaching SS 
sediments (1 to 30% of surface PAR) were sufficient for benthic photosynthesis throughout the 
year.  Sediment algal biomass, as Chla, was highest in the spring and summer and exceeded that 
of the overlying water-column over much of Ship Shoal during the spring and summer.  
Sediment Chl a was not consistently correlated with any of the physical parameters measured 
including sediment light levels and water depth.  In contrast with sediments with higher silt and
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Table 5-1.  Summary of physical and biological parameters on Ship Shoal (SS), Tiger/Trinity Shoal (TTS) and shallow (SO) and deep 
(DO) off-shoal stations. Values represent mean with range or ±SD in parentheses.  WCI is water-column integrated Chl a. 
 SS TTS SO DO 
Depth (m) 4.0-9.7 3.0-9.4 4.8-10.5 16.0-20.0 
Near bottom O2 (mg/L) 0.4-7.7 4.3-7.7 2.3-6.9 0.4-5.9 
WCI Chl a (mg/m
2
) 14.2 (4.2-47.9) 28.0 (10.1-51.7) 38.3 (9.1-82.7) 35.1 (13.1-93.7) 
Sediment silt+clay (%) 0.8±0.8 7.1±4.5 45.9±19.2 73.8±18.3 
Sediment Carbon:Nitrogen 6.5±0.9 7.4±1.4 8.8±2.2 8.8±1.7 
Surface PAR at bottom (%) 1.6-29.1 <0.1-6.6 <0.1-2.9 0.34-10.4 
Pennate diatoms in sediment (%)   89.6 (82-97) 68.2 (17-97) 25.2 (7-57) 41.1 (1-84) 
Sediment algal biomass (mg Chl a 
m
-2
) 49 (5.5-244.7) 15 (2.1-50.3) 24 (5.4-85.2) 23 (3.3-53.1) 
Sediment pheopigments (mg m
-2
) 11.8 (5.1-28.4) 14.0 (5.2-22.7) 50.1 (15.7-93.7) 44.4 (33.1-60.9) 
Mean consumer dietary 


















clay content in which sediment microalgae is typically derived from phytoplankton, both 
microscopic examination and photosynthetic pigment analysis suggested Ship Shoal diatoms 
were primarily BMA with only a minor contribution from settled phytoplankton.   
Given the high nutritional quality of BMA (Tenore, 1988) to consumers and the large size of 
Ship Shoal (~ 500 km
2
), BMA is an abundant local food resource available for resident and 
transient organisms, as has been found on other sandbanks (Wieking and Kroncke, 2005).   
In Chapter 3, I used photosynthetic pigment analysis and microscopic examination of 
sediment microalgae to investigate how the biomass, composition, and quality of sediment 
associated microalgae varied along the inner shelf under a greater range of sediment and water-
column conditions.  Specifically, sandy shoals (Ship Shoal, Tiger Shoal and Trinity Shoal) were 
compared with surrounding fine sediment locations on the inner shelf.  Pigment data suggested 
sediment microalgae were primarily diatoms at all locations.  I found no significant differences 
in chlorophyll a concentrations (8 to 77 mg m
-2
) at the shoal and off-shoal stations, but the 
composition, origin and degradation state of sediment microalgal carbon differed greatly.  
Sediment total pheopigment concentrations on the sandy stations (< 20 mg m
-2
) were 
significantly lower than concentrations at nearby muddy stations (> 40 mg m
-2
), and epipelic 
pennate diatoms, (considered indicative of BMA) made up a significantly greater proportion of 
sediment diatoms at sandy (50% to 84%) compared to more muddy locations (16 to 56 %).  The 
low concentration of pheopigments, C:N ratios, and the higher relative abundance of pennate 
diatoms all suggested that BMA predominated in shallow sandy sediments and that phytodetritus 
predominated at muddy stations.  My results also suggested that the relative proportion of settled 
phytoplankton and phytodetritus in the benthos increased with increasing phytoplankton biomass 
in the overlying water regardless of sediment type.  The high biomass of BMA found on shoals 
suggests that benthic primary production, particularly on sandy sediments, represents a 
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potentially significant but relatively unstudied local source of sediment microalgae that may be 
utilized by benthic food webs.  To a lesser extent, BMA contributed to sediment microalge in 
surrounding, fine sediment sites as well.  However, benthic primary production may represent a 
minor contribution to shelf-wide total primary productivity shelfwide due to light limitation.  




C stable isotopes from 16 species of macroinfauna and 9 species of nekton.  Using a two source 
mixing model I attempted to relate the spatial and temporal variation in the diet of benthic 
consumers with the relative quantity of the two sources in the sediment microalgal pool to infer 
the relative importance of phytoplankton and BMA in supporting the benthic food web.  A 
higher percent pennate diatoms in the sediment (as a % of total diatoms) was associated with 
higher macroinfauna δ
13
C for some trophic guilds in August, indicating the dietary importance of 
BMA increased with BMA availability.  Similarly, on Ship Shoal, where BMA was consistently 
predominant in the sediment microalgae, I found BMA was the primary basal resource for the 
majority of macroinfauna.  Isotope data indicated that a mixture of BMA and phytoplankton 
were important to macroinfauna at Tiger and Trinity Shoals as well as sites with fine sediments 
surrounding shoals where sediments contained a mix of both resources.  Nekton isotope 
composition was similar at all locations, probably because nekton are migratory, moving 
throughout the inner shelf.  While overall phytoplankton was the most important microalgal 
resource in the muddy sediments that dominate the inner shelf, my results also indicate BMA 
also contributes to benthic food webs, particularly in sandy sediments where BMA dominates the 
sediment microalgal community. 
Sources of organic matter supporting benthic food webs.  The results of my study indicated 
little contribution from allochthonous carbon sources to inner shelf benthic food webs as a 
whole, suggesting marine microalgae are the primary organic matter source for benthic food 
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webs in the NCGOM.  There are several reasons for this including the comparatively low lability 
of terrestrial organic matter and the high coastal microalgal productivity.  Of the parameters 
measured, sediment type and patterns in water-column primary productivity were primary 
determinants of local sediment microalgal composition and therefore local differences in benthic 
food web supports (Figure 5-1).  As typified by Ship Shoal, the highest proportion of sediment 
BMA and the highest dietary contribution of BMA was found in sandy sediments with low silt 
and clay fraction and low phytoplankton biomass in the overlying water-column.  Conversely, 
the dietary contribution of BMA and the contribution of BMA to sediment microalgae were 
lower in sediments with a high silt and clay fraction and/or relatively high phytoplankton 
biomass in the overlying water-column.  The high water-column phytoplankton biomass may not 
only increase inputs to the sediment but also decrease the flux of light to the sediment, thereby 
reducing the potential of benthic primary production.   
Isotope data indicated that the dietary contribution of BMA and phytoplankton reflected 
the relative abundance of the two resources in the sediment.  However, the importance of BMA 
in supporting the benthic food webs cannot always be assessed by examining the relative 
abundance of the two sediment food resources alone.  For example, on Tiger and Trinity Shoals 
phytoplankton was the most important basal resource even though their surface sediments 
typically had a high proportion of pennate diatoms (my proxy for BMA) in the sediment.  This 
may have been due to a high rate of flux of phytodetritus from the water-column to the sediment 
because of the high biomass of phytoplankton in these areas. 
Nutritive Quality and Sediment Microalgae.  Chloropigments, organic carbon and nitrogen, 
polyunsaturated fatty acids (PUFA), amino acids and C:N are all potential metrics of the 
nutritive quality of sediment organic matter.  The quality and quantity of sediment organic matter 
are determined by large scale patterns in water circulation and Mississippi River flow as these 
 168 
processes influence sediment granulometry and organic matter deposition in the Louisiana shelf 






















Figure 5-1.  Relationship of sediment microalgal composition to sediment and phytoplankton 
biomass.  Ship Shoal (SS), Tiger/Trinity (TT), shallower off-shoal (SO) and deeper off-shoal 
stations (DO) locations.   
 
For example, Graf (1992) identified three sediment types in the Keil Bight (Baltic Sea) 
based on physical and biological characteristics: 1) erosional areas with high bottom currents, 
large grain size, and high benthic primary production, as well as low sediment organic matter 
and rates of sediment respiration, 2) sediments with high respiration, muddy sands, and variable 
hydrodynamics, organic matter deposition, and organic matter concentration, and 3) vertical and 
lateral depositional areas with muddy sediments, moderate sediment respiration, high sediment 
organic matter, and summer hypoxia.  Although not directly comparable to the NCGOM a 
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and wind induced currents controlling pre-depositional sediment transport and post-depositional 
sediment movement strongly modified by fronts and hurricanes.  
 Not all phytodetritus and sediment-associated microalgae is of equal nutritional 
quality.  Although not measured in this study, the phytodetritus characteristic of off-shoal 
sediments may have lower nutritive value to consumers compared to BMA or recently settled 
phytoplankton, as the degradation state of algal-derived organic matter influences its nutritional 
value.  Sediment C:N ratio incorporates refractory terrestrial organic matter and therefore cannot 
be used to assess the degradation state of microalgal derived carbon.  However, it is a commonly 
used indicator of sediment quality and a low ratio has been found to be associated with higher 
micronutrients in some studies (Boon and Duineveld, 1998; Dauwe et al., 1999), but not in 
others (Grèmare et al., 1997).  In my study, sediment C:N ratios were significantly higher at the 
DO and SO (Chapter 4), suggesting that sediment type was an indicator of overall sediment 
quality and that quality was lower in fine sediments.   
Chl a and pheopigments are also indicators of sediment quality because they are often 
closely coupled and associated with several measures of sediment nutritional quality including 
biopolymeric organic carbon (BPC which includes total lipids, proteins and carbohydrates), % 
nitrogen and C:N (Boon, and Duineveld, 1996; Grèmare et al., 1997; Pusceddu et al., 2003; 
Puscedda et al., 2009).   
No significant differences in sediment Chl a was found between shoal and off-shoal 
stations, but Total pheopigments were significantly higher in fine sediments indicating greater 
phytodetrital carbon input most likely in the form of fecal pellets.  In the NCGOM fecal pellets 
are one of the most abundant forms of phytodetritus reaching the seafloor (Dortch et al., 2001; 
Dagg et al., 2007).  Fecal pellets have lower food quality than living phytoplankton because 
amino acids and polysaccharides are removed by consumers during digestion (Cowie and 
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Hedges, 1996; Thomas and Blair, 2002) and the carbon and nitrogen content of zooplankton 
fecal pellets diminishes with age (Roy and Poulet, 1990), further reducing their food quality.  
Consequently, Phillips and Tenore (1984) found a deposit-feeding polychaete grew poorly on a 
diet of fecal pellets compared to macroalgal detritus, attributing the results to low caloric content.  
The importance of algal food quality to benthic consumers has been confirmed in field studies as 
well (Cheng et al., 1993; Grèmare et al., 1997; Rossi and Lardicci, 2002).   
Surface deposit feeders were the most diverse trophic group in my study and also 
displayed the greatest range of BMA dietary contributions.  Head-down deposit feeders (except 
Leitoscoloplos fragilis) were rare.  Although non-selective feeders should consume resources in 
proportion to their abundance in the sediment, stable isotopes reflect only the ingested food that 
is actually assimilated, and so their isotope values may indicate greater dependence on the more 
nutritive resources even if that resource is not dominant in the sediment.  Therefore, given the 
difference in nutritional quality between phytodetritus and fresh microalgae discussed above, one 
would expect macroinfauna to be more isotopically similar to BMA than phytodetritus in 
situations were the sediment contained a mixture of both.  However, I found the opposite was 
true, with phytoplankton derived resources more important than BMA in supporting benthic 
macroinfauna at all locations except Ship Shoal.  One explanation is that the contribution of 
phytodetrital organic matter is much greater than the contribution of BMA to the total pool of 
available organic matter, therefore the former is the most important resource despite its lower 
quality.  The resource or habitat selectivity of individual species could also account for the 
interspecific variability in the estimated dietary contribution of BMA and phytoplankton.  For 
example, Byrèn, et al. (2006) found differences in the ingestion of fresh and aged, detrital 
microalgae between two species of deposit feeding amphipods.  They attributed the difference to 
selective feeding and the deeper sediment depth preference of the phytodetrital feeding species.   
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Sediment Nutrition and Macroinfauna Community Structure.  The nutritional value of 
sediment is a function of not only the quality but also the quantity of organic matter.  The 
concentration of micronutrients increases with organic carbon content in the sediments (Grèmare 
et al., 1997; Fabiano et al., 1995; Pusceddu et al., 2003), and sandy sediments, including the 
shoals in this study, typically have lower organic carbon (<0.5%) compared to fine sediments 
(>1%; Gordon et al., 2001; Baustian and Rabalais, 2009; unpublished SS data).  Therefore, 
despite the higher quality of sediment microalgal organic matter on the shoals, overall nutrient 
inventories may be significantly lower than in depositional areas with fine sediments.  For 
example, Dauwe et al. (1998) and Pusceddu et al. (2003) both found that the overall 
concentrations of Chl a, nitrogen, organic carbon, and bioavailable BPC were much lower in 
sand compared to fine sediments even though the quality of organic matter in sands (measured as 
% amino acids, Chl a:Carbon, C:N ratios and/ or % hydrolysable BPC:total BPC) was higher 
than in mud sediments.  Thus, the quality of sediment organic matter is often inversely related to 
the quantity.  Furthermore, organic matter quantity is likely most important in determining 
secondary production, with higher biomass in muds than sandy sediments which typically have 
lower organic matter concentration (Dauwe et al., 1998).  There is some support for this in my 
study area as well, as macroinfauna density appears to be lower on Ship Shoal than off-shoal 
(Baustian and Rabalais, 2009; Dubois et al., 2009).  However the majority of the macroinfauna 
biomass on Ship Shoal is comprised of the large bodied species (primarily Albunea. paretii and 
Branchiostoma. floridae) so it is not clear whether there is a significant difference in biomass 
between sandy and muddy sediments.  Additional studies of inner shelf macrofauna are being 
conducted (Gelpi, personal communication) which will facilitate comparisons at my study 
locations. 
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There is a diverse macroinfauna assemblege present on Ship Shoal including a mix of 
species that may be found in sediment types ranging from sandy beaches to muddy shelf 
sediments (Dubois, et al., 2009).  Although sediment type may be the primary factor explaining 
differences in macroinfauna communities on and off-shoal (Dubois et al., 2009), food resources 
may be important in population structure and dynamics as well.  For example, Ship Shoal 
contains a high biomass of mole crabs (Albunea paretii), which suspension feed on sediment 
organic matter.  An abundant and/or high quality food sources like BMA is needed to support 
this large-bodied crustacean species and indeed, isotope data indicate that BMA are their primary 
food source.   In addition, Baustian and Rabalais (2009) and Dubois, et al (2009) found the 
lowest macroinfauna abundance in collections in the fall.  Dubois et al. (2009) proposed that 
seasonal variation in recruitment and mortality caused by predation by nekton was the primary 
reason and ruled out life history, hypoxia, and fluid mud deposition as causes for seasonal 
patterns in macrofauna abundance.  However, food limitation may also limit secondary 
production especially in fall.  For example, Marsh and Tenore (1990) and Gamere et al., 1997 
found population fluctuations in benthic macroinfauna were related to the seasonal changes in 
micronutrient availability in settling phytoplankton.  Furthermore, they collected sediment trap 
organic matter during the spring bloom and in late summer and found the former had more 
essential micronutrients and produced greater macroinfaunal growth than the latter in laboratory 
assays.  Both studies indicate that the nutritive quality of settling organic matter is greatest 
following the spring bloom and is comparatively lower in older, sedimented organic matter 
found in the post-bloom period.   In my study, water-column integrated Chl a was highest in 
April, but I found no significant differences in sediment Chl a, sediment C:N or total 
pheopigment:Chl a among months, although total pheopigments were higher in August 
 173 
compared to April.  Thus, these metrics of food resources do not suggest food limitation 
contributed to the seasonal decline in macrofauna abundance. 
Future Research.  This study suggests several areas of future research related to benthic 
primary production and continental shelf food webs.  First, the presence of BMA in inner shelf 
sediments demonstrates that BPP occurs in the NCGOM.  However, even if BPP is present, its 
significant (as a percentage of total primary production) is unknown and direct measurements of 
BPP would best address this question.  In my study area, sandy sediments are distributed widely 
over the Louisiana shelf up to 50 km from shore, but often contain a high percentage of silt and 
clay as well.  For example, investigations of Sabine Bank and Heald Bank have thus far 
concluded that these sands constitute >90% of the upper 2 meters of sediment, but that these 
sandbanks also have a patchily distributed silt/clay over burden (Finkel et al., 2004).  Overall, 
low organic matter sands like those of Ship Shoal are not common, but should be considered as 
vital, though geographically minor, components of the system until the inverse is supported by 
rigorous evaluations.  On a broad scale, the ecological importance of BMA (e.g. to sediment 
biogeochemistry, food webs) is likely to be greatest in inner shelf sediments in from Alabama to 
west Florida where sandy sediments are most common (Darrow et al., 2003).  Thus, direct 
measurements of primary productivity measurements are needed across a variety of sediment 
types on the inner and mid-shelf of the NCGOM.    
Also, with the strong influence of sediment type on the relative abundance of pennate 
diatoms, it is likely that the species composition of BMA differs between sandy and muddy 
sediments.   Understanding how BMA species composition changes across physical gradients 
and determining the mechanisms (e.g., light or nutrient limitation) for this change are needed to 
understand why BMA abundance is relatively low in fine sediments on the inner shelf. 
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In addition, labile organic matter not consumed by heterotrophs may be buried and stored 
forming a food reservoir in the sediment.  This is particularly true under oxygen-deficient 
conditions because metazoan consumers are absent and the microbial assimilation of 
micronutrients is lower in anaerobic compared to aerobic conditions (Graf et al., 1983).  This 
buried reservoir may become available to consumers by bioturbation or sediment resusupension 
thereby providing food to consumers over an extended period of time.  Thus, an investigation 
into the factors influencing micronutrient inventories and their fate in NCGOM sediments may 
explain spatial and temporal patterns in macroinfauna community structure (Weissberger et al., 
2008).  In addition, as a microbial substrate this stored pool of labile carbon may also contribute 
to oxygen-deficient bottom waters in subsequent years (Graf et al., 1983; Turner et al., 2008).  
Thus, the fate of microalgal derived organic matter may have important implications for the 
development of hypoxia on the Louisiana shelf.  Thus, a better understanding of the dynamics of 
organic matter and Chl a (i.e. accumulation and loss rates and vertical patterns) is needed. 
Finally, stable isotope analysis has become one of the most common methods used in 
determining basal resources supporting marine and estuarine food webs.  These studies assume 
BMA is isotopically distinct from pelagic primary producers and therefore the relative 
importance of the two resources can be estimated using mixing models.  However, these 
assumptions may not be correct.  First, several studies suggest benthic consumers display a 
13
C 
enrichment resulting from an as yet undetermined mechanism.  Because BMA is typically more 
δ
13
C enriched than phytoplankton this makes consumer δ
13
C more similar to BMA.  
Consequently, mixing model estimates of the dietary contribution of phytoplankton and BMA to 
macroinfauna diets would be under and overestimated, respectively.  The decrease in estimated 
BMA dietary contribution when primary consumers are used as mixing model end members 
(Table 5-2) provide some support for this notion.  Sulfur isotopes may be of some use in 
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distinguishing food webs based on benthic and pelagic food sources (Connolly, et al., 2004).  
However, few studies have been conducted in off-shore marine systems.  Values for δ
34
S 
between 12‰ and 20‰ were found for marine shrimp and stomatopods (Fry1983) and red 
snapper (Wells et al. 2008) collected in the northern Gulf of Mexico.  I found similar results for 
macroinfauna and fish collected in this study, but the sample size did not allow comparisons by 
species and location.  However, there appears to be high overlap in the δ
34
S values of pelagic and 
benthic feeding organisms on shelf systems (Fry, 1983), suggesting δ
34
S may not be useful in 
resolving food web supports. 
Future research should focus on understanding the size as well as the mechanism of BMA 
δ
13
C enrichment.   The proposed reason for BMA δ
13
C enrichment is CO2 limitation, and 
presumably settled phytoplankton would experience the same limitation until they were 
recirculated into the water-column.  Thus, live but settled or near bottom phytoplankton, which is 
the phytoplankton most readily available to benthic consumers, may have a different isotope 
value than phytoplankton higher in the water-column.  Field or laboratory experiments testing 
differences between δ
13
C in circulating and settled phytoplankton could be used to investigate 
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CWPOM is commonly observed in nearshore, low salinity systems during 
phytoplankton blooms (Fry and Wainright, 1991). Consistent with this pattern, I observed this 
phenomenon in April only.  In April, WPOM samples ranged from -20.2‰ to -12.8‰ and from 




N, respectively (Chapter 4 Table 4-4).  Pearson correlations 
indicated the WPOM isotope values were related most strongly to salinity and the C:N ratio 
(Table A-1).  The δ
15
NWPOM was positively correlated with salinity δ
15
N (r=0.833; p<0.001) and 
negatively correlated with C:N ratio (r=-0.585; p=0.017), while δ
13
C was negatively correlated 
with salinity (r=-0.562; p=0.023) and positively correlated with C:N ratio (r=0.892; p<0.001; 
Figure A-1).   
 




CWPOM from April 2007.   
















N -0.360 0.833 -0.671 -0.585 0.260 -0.518 
 16 16 15 16 15 15 
δ
13
C  -0.562 0.551 0.892 -0.220 0.677 
  16 15 16 15 15 
Salinity 
(psu)   -0.605 -0.713 0.556 -0.719 
   15 16 15 15 
WCI Chl a 
(mg m
-2
)    0.547 0.105 0.449 
    15 15 15 
C:N     -0.193 0.593 
     15 15 
Depth (m)      -0.570 
      15 
 
 
 Several explanations have been proposed to explain seasonally enriched phytoplankton 
δ
13
C values.  Near-shore macroalgal detritus (Hill et al., 2006) and macrophytes (seagrass and 
Spartina spp.) both of which have enriched δ
13
C have been suggested to contribute to nearshore 
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NWPOM and salinity and C:N. 
 
the lack of hard substrate, and estuarine δ
13
CWPOM (where suspended macrophyte detritus would 
presumably be highest) is depleted rather than enriched in δ
13
C (Maddi, 2003) relative to ocean 
water. 
 Other explanations for δ
13
C enrichment involve algal physiology.  For example, 
δ
13
CWPOM may increase with physical factors (i.e. temperature, light) contributing to higher 
growth (i.e. temperature, light).  Also, carbon dioxide limitation may develop during 
phytoplankton blooms (Fry and Wainright, 1991) resulting in greater incorporation of 
13
C (via 
decreasing isotope discrimination or increasing incorporation of HCO3
-
), particularly with large 
diatoms that have relatively high intracellular diffusion distances (Wainright and Fry, 1994).  If 
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true, one would predict that δ
13
CWPOM would exhibit a positive relationship with Chl a (a bloom 
indicator).   
To determine the best predictors of δ
13
CWPOM, I used forward stepwise regression to test 
the ability of surface water Chl a, water-column integrated Chl a, salinity, temperature and 




NWPOM.  Although Chl a was positively and significantly 
(r=0.551) related to δ
13
CWPOM, the strongest predictor was C:NWPOM (r=0.892; p<0.0001) and the 
regression model did not recommend the inclusion of the other variables.  High C:N ratios are 
indicators of detrital material, but are also found during phytoplankton blooms under nutrient 
limitation (Wetz and Wheeler, 2003).  Detrital material could potentially be terrestrial detritus or 
phytodetritus (Savoy et al., 2003).  However, the former is unlikely because terrestrial detritus 
decreases within a short distance from the coast (Thayer et al., 1983; Gordon et al., 2001) and the 
WPOM samples with high C:N were δ
13
C enriched (-15‰ to -12‰) not depleted as would be 
expected for estuarine and terrestrial WPOM (< -20‰).  Enriched δ
13
CWPOM has also been 
attributed to progressive enrichment associated with phytoplankton decay (Boyd et al., 1999; 
Guo et al., 2004).  However, samples with the highest C:N also had the lowest ratio of 
pheopigments (a chlorophyll a degradation product) to chlorophyll a (data not shown) indicating 
little phytodetritus was present.  Thus the accumulation of carbon under nutrient limited 
conditions may be the most likely explanation for the relationship between C:N and δ
13
C WPOM.   
WPOM δ
15





NWPOM had a weak negative relationship with C:N ratio (r=0.585) which was only 
evident at C:N ratio >10 (Figure A-1).  Low salinity is an indicator of fresh water which may 
contain anthropogenic sources of dissolved inorganic nitrogen (DIN) which typically have a 
more enriched δ
15





 during nitrification may leave a residual pool of enriched NH4
+
.  This may 
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account for the higher δ
15










) species available to phytoplankton with salinity.  Bode and Dortch, (1996) 




 were both highest at 15-25 psu, the 
the highest NO3
-
 concentrations were at low salinities, while the highest NH4
+
 and Chl a 
concentrations were at 20 to 30 psu, which is in the range of salinity for the study area.  High 
nitrogen remineralization rates associated with zooplankton grazing have been found within 
these high chlorophyll areas (Liu and Dagg, 2003) and the uptake of isotopically light recycled 
NH4
+
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  I used temporal tracking of primary producer with consumer isotopes to examine whether 
there was variation in the primary producer support of the benthic food webs in the study area.  
Temporal tracking can be a powerful tool in determining the relative importance of basal 
resources (McCutchen and Lewis, 2002; Perga and Gerdeaux, 2005).  To be useful, temporal 
tracking requires that 1) significant temporal changes in primary producer isotope values are 
present, 2) that these temporal changes are not the same for different food sources, and 3) 
assumes a relatively short lag time between these changes and subsequent changes in consumer 
isotopes.   
 Plots of consumers and primary producers were visually inspected for changes in 
consumer isotopes corresponding to changes in primary producers (Figures B-1 to B-5).  
For WPOM, significant temporal differences were found for δ
13
CWPOM (April>August and 
January) and for δ
15
NWPOM (August>April and January).  There was little evidence of an increase 
in macroinfauna δ
15
N from April to August like that exhibited by WPOM.  There was also no 
evidence of high consumer δ
13
C values in April compared to August, rather, the opposite was 
generally observed.  This was true of SS, TTS and OS, and suggests that phytoplankton was not 
a strongly dominant basal resource or that there was a temporal mismatch between the δ
13
C of 
primary producers and their consumers.   
For BMA, significant temporal changes were found for δ
13
C only (August and October 
>April and January).  On SS, where sediments were dominated by BMA throughout the year, 
one would expect to find the greatest correspondence between consumers and resource isotopes.   
In fact, 4 of the seven SS species that could be statistically tested had significantly higher δ
13
C in 
August compared to April (compared to 2 of 9 on TTS and 0 of 5 on OS), suggesting BMA was 
an important food source for these species.  Unfortunately, fewer species were collected on SS in 
















































Figure B-1.  Seasonal changes in δ
15
N (mean±SD) of primary producers, suspension feeders, 
deposit feeders, omnivores and predators collected at off-shoal (OS), Ship Shoal (SS), and 

























































































































Figure B-2.  Seasonal changes in δ
13
C (mean±SD) of primary producers, suspension feeders, 
deposit feeders, omnivores and predators collected at off-shoal (OS), Ship Shoal (SS), and 
































































































Figure B-3.  Seasonal changes in δ
13
C (mean±SD) of primary producers, individual species of 


















































































Figure B-4.  Seasonal changes in δ
13
C (mean±SD) of primary producers, individual species of 





























































































Figure B-5.  Seasonal changes in δ
13
C (mean±SD) of primary producers, individual species of 




























































corresponding to the decline in δ
13
CBMA from August/October to January was found for any 
macroinfauna.  However, as noted above this may have been due to retention of the fall BMA 
signal due to lower tissue turnover rates of invertebrates in winter.  Most macroinfauna δ
15
N also 
declined from August to January, but neither BMA and WPOM clearly displayed a similar trend 
over the same period.   
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Figure C-1.  Comparison of % pennate diatoms and % dietary contribution of BMA for consumers collected at Ship Shoal (SS), 







Fig. C-2 continued. 
 
 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         




























































































































































































































































Fig. C-1 continued. 
 
 










































































































































































































































































































































Figure C-2.  Comparison of % pennate diatoms and % dietary contribution of BMA for consumers collected at Ship Shoal (SS), 







Fig. C-2 continued.   
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